Aspects of low-grade metamorphism in northern Snowdonia, Wales by Cronshaw, David
This work is protected by copyright and other intellectual property rights and 
duplication or sale of all or part is not permitted, except that material may be 
duplicated by you for research, private study, criticism/review or educational 
purposes. Electronic or print copies are for your own personal, non-
commercial use and shall not be passed to any other individual. No quotation 
may be published without proper acknowledgement. For any other use, or to 
quote extensively from the work, permission must be obtained from the 
copyright holder/s. 
ASPECTS OF LOW-GRADE METAMORPHISM IN
NORTHERN SNOWDONIA, MALES 
VOLUME I
David Cronshaw
A the sis  submitted fo r the degree of Doctor o f Philosophy, 
University of Keele.
1984
 
 
FOR  
 
 
Volume 1  
Figures 1.3, 1.4, 1.5, 2.1 
Volume 2 
Figures 5.1, 5.12, 6.6, 6.8, 7.9, 7.10, 8.1 
 
 Excluded at the request of the university 
IMAGING SERVICES NORTH   
Boston Spa, Wetherby 
West Yorkshire, LS23 7BQ 
www.bl.uk 
ABSTRACT
The effects of low-grade metamorphism have been examined in the 
Lower Palaeozoic rocks o f northern Snowdonia.
A variety of techniques have been u t ilised  includ ing:- bulk rock 
geochemistry, petrography and microprobe determinations of secondary 
phase chemistry in the widespread meta-dolerite in tru sions; i l l i t e  
c ry sta llin ity  determination and white mica bQ measurement in the 
argillaceous meta-sediments; and flu id  inclusion analysis in vein 
quartz.
Meta-dolerite mineral assemblages and phase compositions indicate 
an increase in grade southwards with dominantly prehnite-pumpellyite 
facies assemblages in the northern, and lower greenschist facies 
assemblages in the central and southern, Conwy Valley. Meta-dolerite 
assemblages are less diagnostic in central northern Snowdonia.
The phyllosi 1 icates reveal a sharp metamorphic break within 
northern Snowdonia with re la tive ly  high i l l i t e  c ry s ta ll in ity  (epizone) 
and bQ in the western Conwy Valley and re la tive ly  low i l l i t e  c ry sta ll­
in ity  (anchizone) and bQ throughout the rest of northern Snowdonia. The 
boundary between the two areas is  sharp and can be correlated, over 
parts of it s  length, with major Lower Palaeozoic fau lts.
Fluid inclusions contain re la tive ly  low sa lin ity ,  CC^-poor, liqu id - 
vapour, aqueous solutions. Mean f i l l in g  temperatures range from 157 - 
194°C with a s ligh t increase from north to south.
Pre- and syn-deformation metamorphic effects have been recognised 
in northern Snowdonia. Combination of data from different techniques 
indicates pre-deformation temperatures and pressures ranging from 
approximately 290°C and 1.4Kb in central northern Snowdonia to 325 -
345°C and 2Kb in the western Conwy Valley.marking the transition  from 
the prehnite-pumpellyite to lower greenschist facies of low-grade 
metamorphism. These figures indicate a low pressure facies series of 
metamorphism. The metamorphic effects of Caledonian deformation are 
continued re c ry sta llisa tion  in both the meta-dolerites and meta­
sediments and further, minor, quartz veining.
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CHAPTER 1 
INTRODUCTION
1.1. Study area
The area of study is  situated in  Gwynedd, North Wales, the 
location of which is  shown in Figure 1.1. Included within the area 
is  a l l  of the Snowdonia National Park north of the Snowdon massif, 
plus an adjacent fringe to the north, along the North Wales coast, 
the west,around Llanberis and Bethesda,and the east, down the eastern 
side of the Conwy Valley. The general physiographic characteristics 
of the area are shown in Figure 1.2.
1.2. Aims of the research
The original project, conceived by Dr P.A.Floyd and Dr G. 
Rowbotham was to examine aspects of low-grade metamorphism in the 
Lower Palaeozoic Welsh basin. Previous research in the Welsh basin 
(Floyd et al.,1976; Bevins, 1978; Bevins et al., 1981, Bevins and 
Rowbotham, 1983) identified widespread secondary hydrous Ca-Al 
s il ic a te  assemblages within the meta-basites indicative of prehnite- 
pumpellyite and lowest greenschist fac ie s metamorphism. Also 
preliminary work had indicated that a transition  from prehnite- 
pumpellyite to greenschist facies assemblages occurred over a 
re la tive ly  short distance from north to south within the Conwy Valley.
The in it ia l aim of the project was a detailed examination of 
secondary mineral assemblages and phase compositions within the well 
exposed meta-dolerites of the Conwy Valley. It  was hoped that work on 
low-grade assemblages might be extended by using other techniques 
applicable to litho log ies other than meta-basites and thus extend the 
geographical area and scope of the study.
FIGURE 1.1. A map of Wales showing the location of the area of 
study.
<SP- Town Of Village
-  Boundary ol the Snowdonia National Park
The main objectives of the project were:-
i)  A detailed investigation  of low-grade metamorphic phenomena in 
a crit ica l area of the Welsh basin u t i l is in g  meta-dolerite and meta- 
pelite secondary assemblages and vein quartz f lu id  inclusions.
i i )  Some quantification of the parameters of metamorphism particu la rly  
the pressure, temperature and nature of the associated flu id .
i i i )  The re lationsh ip  and re lative  timing of events such as mineral 
recrysta llisation, deformation, vein emplacement,etc., during low-grade 
metamorphism.
iv) To produce a model to account for the observed variation in 
metamorphism within northern Snowdonia in the context of the Lower 
Palaeozoic geology o f the Welsh basin.
1.3. The geology of northern Snowdonia
As a result of a long h istory  of detailed mapping and research the 
geology of North Wales is  well documented. Recent summaries of the 
geology of northern Snowdonia can be found in the f ie ld  guide of 
Roberts (1979) and in  the accounts of the Dolgarrog and Capel Curig 
Special Sheets (Howells et a l ., 1978 and Howells et a l. ,  1981a 
respectively) published by the then IGS (now BGS) as part of the 
resurveyed Bangor Sheet. Thus only a summary of the local geology is 
presented here. An outline of the geology of the area and a generalised 
stratigraphic column are shown in Figures 1.3. and 1.4. respectively.
The oldest rocks of the area are the Arvonian ignim britic tu ffs 
exposed on the Padarn ridge northwest of Llanberis. These tu ffs 
conformably in te rd ig itate  with the overlying Fachwen Formation sediments 
of the lower Cambrian (Wood, 1969).
The middle-Lower Cambrian Llanberis Slates Formation consists of
) v
FIGURE 1.3. A simplified geological map of northern Snowdonia, 
modified from Howells et a l. (1978), Roberts (1979) 
and Howells et al. (1981a).
FIGURE 1.4. Generalised stratigraphy of northern Snowdonia 
from Howells et a l . (1981b) and Reedman et a l. 
(1983).
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large amounts of mudstone with minor sandstones and are extensively 
exposed between Llanberis and Bethesda. They are thought to reflect 
stable sedimentation with the occasional in flux of tu rb id ity  flows 
across the basin floo r (Howells et a l. ,  1981b). The overlying coarser 
tu rb id itic  greywackes of the Bronllwyd G rit Formation and the black 
sla tes, siltstones and occasional sandstones of the Marchlyn Formation 
indicate a phase of active tu rb id it ic  sedimentation followed by a 
return to more stable sedimentation. The uppermost Cambrian sediments 
in the area are the Carnedd Y F i l ia s t  g r it s  which display much bio- 
turbation and contains numerous trace f o s s i l s  indicating progressively 
shallower water deposition (Crimes, 1970). A ll Cambrian exposures are 
in the west of the area.
During the late Cambrian a period of regional u p lif t  and erosion 
occurred resulting in a marked angular unconformity in northern 
Snowdonia. Reedman et a l ., (1983) discuss the Cambrian-Ordovician 
unconformity in some detail. In northern Snowdonia Carnedd Y F i l ia s t  
g r it s  are unconformably overlain by rocks of the Nant Ffrancon Formation. 
On the regional scale, the effects of th is  unconformity are greatest 
in the west and northwest. Kokelaar et a l.,  (in  press) relate the sub- 
Ordovician unconformity, and much of the variation in Cambrian 
sedimentation, to d iffe rentia l movement on major basement controlled 
block faults active throughout the Lower Palaeozoic. Webb (1983) 
describes an example of the control of contemporaneous fau lting on 
sedimentation in the v ic in ity  of Bethesda where the thickness of the 
Bronllwyd G rit Formation doubles across the Ffrydlas fault.
The Nant Ffrancon Formation represents the lowermost Ordovician 
and consists of shallow water bioturbated sandstones overlain by 
mudstones and siltstones. Occasional ironstone horizons indicate 
periodic shallowing. During the early Caradoc, sedimentation was
interrupted in northern Snowdonia by the onset of volcanic a c t iv ity  
with the local production of seism icly induced slump breccias. The 
Llewelyn Volcanic Group represents the f i r s t  Caradoc vo lcan ic ity  in 
the area. Volcanism was loca lised  and only the Capel Curig Volcanic 
Formation can be traced throughout northern Snowdonia. C learly, 
therefore, local stratigraphy must be highly variable even over short 
distances. Figure 1.5. (taken from Howells et a l.,  1983) demonstrates 
the stratigraphic complexity o f the volcanic Caradoc sequences of 
North Wales. Sediments within the Llewelyn Volcanic Group contain 
structures indicative of shallow water and, loca lly, subaerial 
deposition (Francis and Howells, 1973).
The overlying Cwm Eigiau Formation marks a return to predominantly 
sedimentary conditions with only minor volcanism. The P itts Head tuff 
occurs within the Cwm Eigiau Formation southwest of the Nant Ffrancon 
pass. Both the Llewelyn Volcanic Group and the Cwm Eigiau Formation 
thicken markedly towards the south. The top of the Cwm Eigiau 
Formation is  typified by extensive tectonic in stab ility  marking 
renewed magmatic activ ity  which produced the major volcanic sequences 
of northern Snowdonia, the Snowdon Volcanic Group and their equivalents 
to the northeast, the Crafnant Volcanic Group.
Magmatic doming resulted in marxed, but local, unconformity 
beneath tne Snowdon Volcanic Group. The lower Snowdon Volcanic Group 
consists of acid ash flow and pyroclastic material that is  th ickest 
around Snowdon and tnins northeastwards. These are followed by bedded 
pyroclastics around Snowdon and the northern Conwy Valley and multiple- 
centred acid volcanism in the central Conwy Valley. The upper Snowdon/ 
Crafnant Volcanic Group consists largely of acid ash flow material, 
although the basic Dolgarrog Volcanic Formation is  loca lly  developed in 
the central Conwy Valley. Associated sediments indicate a progressive
FIGURE 1. . Stratigraphic variation in the Llewelyn Volcanic Group
within northern Snowdonia, from Howells et a l. (1983).
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increase in water depth throughout the volcanic episode. The Caradoc 
volcanic sequences may again relate to major basement controlled fau lts  
active during the Lower Palaeozoic which played an important role in the 
accumulation and preservation of Lower Palaeozoic sequences in the 
Welsh basin (Beavon, 1963; Evans, 1968; Rast, 1969; Baker, 1971; Wood,
1974 and Kokelaar, 1979). The sediments above the main Caradoc 
volcanics are d ist in ctive  deep-water mudstones with occasional basic 
tuffs indicating continued minor volcanic a ctiv ity . Towards the close 
of the Ordovician the sedimentary environment shallowed with tu rb id it ic  
deposition of sandstones and s ilt ston e s.
S ilu rian  strata are exposed around Conwy it s e lf  and down the 
eastern side of the Conwy Valley. The succession is  volcanic free and 
sediments include striped mudstones, tu rb id it ic  sandstones and slumped 
units indicative of deposition in a rap id ly  subsiding basin.
Towards the end of the S ilu r ian  the major earth movements of the 
Caledonian Orogeny occurred. In north and central Wales three phases 
of deformation have been recognised (Helm et a l ., 1963; Roberts, 1967; 
Lynas, 1970; Fitches, 1972; Lynas, 1973). In North Wales the predomin­
ant structures are major F I,  NE-SW trending, doubly plunging folds with 
an associated axia l-p lanar sla ty  cleavage. Post-FI structures in 
northern Snowdonia are represented by a late fracture cleavage and a 
suite of NW-SE trending fo ld s, c lea rly  exposed around Conwy, and 
identified by Roberts (1979) as F3 structures.
A large number of do lerites were intruded, particu larly  within the 
Ordovician volcanic horizons of the Conwy Valley. The age of the 
dolerites is  uncertain and they have been variously described as pre- 
and post-deformation (W illiams, 1927; Shackleton, 1954). Bromley (1969) 
suggested that there was a close temporal relationship between Caradoc 
volcanism and dolerite emplacement. Recently, Kokelaar et al. (in  press)
6have shown that many of the dolerites of Snowdonia d isp lay evidence of 
high level intrusion into wet sediments with the development of peperitic 
and pillowed margins. Kokelaar et a l. (in press) show that at deeper 
levels within the Caradoc volcanic sequence the dolerites are thicker 
and coarser grained with progressive thinning and fin ing  up the sequence. 
These observations c learly  indicate that dolerite emplacement occurred 
during the Caradoc with the interaction of dolerite and wet host 
sediments and tuffs.
Recent reference l i s t s  detailing specific  aspects of research 
within the Welsh basin and referring to much of the o rig ina l map work 
and stratigraphic work can be found in the f ie ld  guide to Snowdonia 
and Llyn (Roberts, 1979) and the recent paper by Kokelaar et al.
(in press).
1.4. H istory of research
1.4.1. Low-grade metamorphism
Since the defin ition of the prehnite-pumpellyite facies by 
Coombs (1960) and the recognition of a prehnite-pumpellyite and 
pumpellyite-actinolite subfacies by Hashimoto (1966) much work has 
been done on the lower grades of metamorphism. Since th is early work 
studies have been advanced by: i)  recognition of other areas of low- 
grade metamorphism, i i )  experimental and thermodynamic studies defining 
the s ta b ility  fie ld s of spec ific  minerals and mineral assemblages, and
i i i )  the development and adaption of special techniques for studying 
low-grade rocks.
A large number of regional studies have been undertaken worldwide, 
particularly into secondary mineral assemblages and phase compositions 
developed within basic magmatic and volcanogenic rocks.
7During the past 15 years experimental work (particu la rly  by Liou 
and his co-workers in America) has investigated the s ta b ility  and 
natural occurrence of many diagnostic low-grade secondary phases. As 
a result detailed information is  now available for laumontite, 
wairakite and lawsonite (Liou, 1971a), epidote (Liou, 1973; Liou et a l . 
1983), pumpellyite (Schiffman and Liou, 1980) and prehnite (Liou,1971b; 
Liou et a l. ,  1983). Application of the experimental data to natural 
examples allows an estimation of the pressure, temperature and f lu id  
chemistry of c ry sta llisa t io n .
Several workers have been developing or adapting techniques for 
the study of low-grade metamorphism. Over the past 20 years or so 
techniques such as i 11ite  c ry s ta ll in ity ,  f lu id  inclusion ana lysis, 
v it r in ite  reflectance, white mica bQ analysis, isotope geochemistry 
etc., have been extensively used.
Recently Kisch (1983a) has published a review paper summarising 
mineralogical reactions during the transit ion  from diagenesis to 
metamorphism in c la st ic  rocks. This paper refers to many of the 
regional studies undertaken before 1976. Kisch (1983b) a lso  presents 
a literature review of work published between 1976 and 1982 as an 
appendix to th is review paper.
1.4.2. Metamorphism of the Welsh basin
Because of the low-grade of metamorphism within the Welsh basin 
relative to the rest of the Caledonides i t  is  only re la tive ly  recently 
that the area has been generally recognised as having undergone meta­
morphism at a ll.
Before the 1940's several workers noted the presence of phases 
or assemblages now considered diagnostic of low-grade metamorphism, 
although few realised the ir significance. One of the f i r s t  descriptions
8of a metamorphic assemblage was made by Woodland (1938) in the 
manganese beds of the Harlech Dome where he attributed the b iotite, 
chlorite, se ric ite  and garnet bearing assemblage to metamorphism 
within the chlorite zone of regional metamorphism. Pumpellyite was 
f ir s t  positive ly  identified  in Wales by N icholls (1959) within lower 
Ordovician sp il ite s  at Bui 1th Wells, where i t  was thought to reflect 
metasomatism.
Jenkins and Ball (1964) identified pumpellyite within the so ils  
of northern Snowdonia and identified the source as the basic intrusions 
of the area. Rast (1969) attributed the presence of prehnite and 
pumpellyite in the Welsh igneous rocks to low-grade zeolite facies 
metamorphism. Ridgeway (1971) described typical prehnite-pumpellyite 
and greenschist facies assemblages in the meta-dolerites of mid-Wales 
and attributed them to burial metamorphism with the higher grade green- 
schist facies assemblages reflecting a greater thickness of overburden. 
Floyd et al. (1976) described typical low-grade assemblages in the 
meta-dolerites of the Conwy Valley.
Prehnite and pumpellyite bearing assemblages in the basic rocks 
of the Fishguard Volcanic Group were recognised by Bevins (1978, 1979), 
and attributed by him to prehnite-pumpellyite facies metamorphism.
Roberts (1979) records the presence of widespread prehnite- 
pumpellyite and greenschist assemblages within the basic rocks of 
northern Snowdonia and from the d isposition  of these assemblages 
produced isograds for northern Snowdonia and Llyn (Roberts, 1981). 
Metamorphism was regarded as being syn- or immediately post-deformation 
and broad correlation between the grade of metamorphism and the 
intensity of deformation was recognised.
Bevins et al. (1981) described the low-grade metamorphism of the
9Welsh basin u t i l i s in g  both meta-basic secondary mineral assemblages 
and i l l i t e  c ry s ta ll in ity .  Bevins and Rowbotham (1983) examined 
secondary mineral assemblages and phase compositions developed within 
the meta-dolerites of the Welsh basin and distinguished an area of 
generally higher grade (actinolite-bearing assemblages) in the central 
Welsh basin flanked by an area of generally lower grade (prehnite- and 
pumpellyite-bearing assemblages) towards the margins of the basin. 
Estimates of temperatures and pressures range from 325°C and 3.4 kb in 
the central part of the basin to 125°C and 1.3 kb at the margins of 
the basin.
1.5. Techniques employed
1.5.1. Field techniques
The major objective of the fieldwork was the co llection of 
representative samples for detailed laboratory observation and analysis. 
Samples were taken from a ll litho log ie s but emphasis was in i t ia l ly  
placed on the meta-basic rocks (dolerites, basalts and basic tu ffs).
As the project developed numerous samples of argillaceous sediment and 
vein quartz were taken.
In addition to sample collection more specific  fieldwork was under­
taken concerning in particular: i)  the re lative  age of the quartz 
veining, i i )  the timing of dolerite  emplacement re lative  to deformation, 
i i i )  internal variation  within the dolerites in terms of grain size, 
fracturing, jo in t in g  etc., and, iv) the intensity and sty le  of deform­
ation.
These f ie ld  observations a ss is t  in the interpretation of laboratory 
observations and results.
1-5.2. Laboratory techniques
Brief summaries of the techniques u t ilise d  in the project are out­
lined in the order in which they are discussed in the following chapters.
i)  Geochemistry - From the meta-dolerites of the Conwy Valley, 103 
samples and 34 samples were analysed for major and trace elements 
respectively. This data allowed some quantification of the effects 
of metamorphism on the in it ia l  dolerite chemistry. In addition, 
the geochemistry provides a data base essential for the interpret­
ation of the petrographic and phase chemistry results.
i i )  Petrography - Detailed thin section observations were made on 
194 meta-dolerites taken throughout northern Snowdonia. Secondary 
mineral assemblages were recorded in order to quantify regional 
and local variation in secondary phases, degree of re c ry s ta ll is ­
ation and the s ite  of a lteration were also recorded.
i i i )  Phase chemistry - Electron microprobe analyses were obtained
for phases in 16 meta-dolerites and 1 meta-diorite from the Conwy 
Valley. Interpretation of the phase chemistry re su lts, in 
conjunction with the geochemical re su lts, allows the relative 
influence of host rock composition and metamorphic parameters on 
secondary phase composition to be evaluated.
iv ) m i t e  c ry s ta ll in ity  - 120 i 11 ite  c ry s ta ll in ity  determinations
were performed on fine-grained sedimentary litho log ie s. 111ite 
c ry s ta ll in ity  enabled metamorphic characteristics to be determined 
in those areas and at specific  stratigraphic levels where suitable 
meta-dolerites were absent.
v) White mica bQ - 50 white mica bQ measurements were made on
representative mudstone, shale and slate litho log ie s. These 
results provide information on the facies series of metamorphism, 
hence an indication of the re lative  pressure/temperature conditions.
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vi) Fluid inclusion analysis - F lu id  inclusions in 19 vein quartz 
samples taken throughout northern Snowdonia were examined.
Minimum trapping temperatures are obtained by heating the inclusions 
to homogenisation. Interpretation of homogenisation temperatures, 
with reference to independent geological data fo r e ither pressure 
or temperature allow an estimate of the parameter for which data 
is  lacking.
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CHAPTER 2
GEOCHEMISTRY OF THE META-DOLERITES
2.1. Introduction
A large number of meta-dolerite intrusions occur throughout 
northern Snowdonia. Since these meta-dolerites display compositions 
suitable for the development of c r it ic a l secondary phases and diagnostic 
mineral assemblages (Smith, 1968; Bevins, 1978; Bevins and Rowbotham,
1983, etc.,) they have been examined in some detail. The in tensity  of 
metamorphic rec ry sta llisa tion  is  variable but has only rarely been 
pervasive enough to to ta lly  obliterate the primary igneous texture 
and mineralogy with the dolerites often displaying re lic t  igneous 
clinopyroxene, magnetite and (rare ly) labradoritic plagioclase. 
Characteristic secondary phases recognised in the Conwy Valley meta- 
dolerites include ch lorite , a lb ite , epidote, prehnite, pumpellyite, 
actinolite, quartz, ca lc ite, sphene, stipnomelane and white mica. In 
this and the following two chapters meta-dolerite geochemistry, petro­
graphy and mineral compositions are examined respectively.
Under low-grade metamorphic conditions it  has been shown that 
local changes in bulk rock chemistry can play an important role in 
controlling specific  mineral development (Smith, 1968) and the precise 
chemical composition of secondary phases (Bishop, 1972; Bevins, 1979 
and Oliver and Leggett, 1980). I t  has a lso been shown that progressive 
change in metamorphic conditions (temperature,pressure and flu id  
composition) are a lso reflected by systematic changes in mineral chemistry 
(Bishop, 1972; Liou et a l ., 1983). Hence i t  is  clear that in order to 
interpret the petrographic observations and detailed mineral chemistry 
of chapters 3 and 4 the geochemical characteristics of the meta-dolerites
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must f i r s t  be examined in order to assess and quantify the degree of host 
rock compositional control.
During the course of the fieldwork a representative number of meta- 
dolerite samples were taken f o r  bulk rock geochemical analysis. A total 
of 103 samples, taken from a number of the s i l l s  exposed throughout the 
Conwy Valley, were analysed f o r  the major and minor elements S i02,
Ti02, A l ^ ,  Fe2°3> Fe0> Mn®’ ^a0, Na2®’ K2^’ P2°5 and H2°‘ In 
addition 34 samples from the large Moel Siabod in trusion  were analysed
for the trace elements Ce, Nd, La, Rb, Sr, Y, Z r , Hb, Ba, Ni and Cr.
The main aims of the geochemical determinations were:-
i)  to examine the re la tionsh ip  between bulk rock geochemistry, 
petrography and metamorphic phase composition in order to assess the 
importance of bulk rock major element geochemical control on the 
development of specific  metamorphic phases and mineral assemblages 
and the relative compositions of the secondary m inerals. In th is 
respect the geochemical analyses provide a data base essential for the 
interpretation of both the petrographic observations and the results 
of the electron microprobe phase composition determinations.
i i )  to sem i-quantitatively examine relative element mobility during 
low-grade metamorphism.
i i i )  a brief investigation o f the broad chemical a f f in it ie s  and 
primary magmatic characte rist ics of the intrusions as revealed by 
their general chemical characte rist ics and in particu lar the abudance 
and d istribution of re la t iv e ly  immobile major and trace elements.
iv) to examine the chemical variation apparent both within and 
between the individual meta-dolerite intrusions in terms of both the 
magmatic and post-magmatic processes.
A map of the Conwy Valley showing the d istribu tion  
of meta-dolerite intrusions,from Roberts (1979).
FIGURE 2.1.
2.2. Sample collection and preparation
Representative geochemical samples were taken from meta-dolerite 
s i l l s  throughout the Conwy Valley. For several intrusions a number of 
samples were taken in a traverse across an in trusion , in other cases 
this was not possible and only samples from w ithin the main body of the 
intrusion were taken. Figure 2.1. is  a map showing the d istribution  of 
meta-dolerites within the Conwy Valley and showing the location of the 
intrusions sampled. The precise locations of the individual geochemical 
samples are listed  in Appendix 2 ( i) .
In the f ie ld , samples were chosen to provide representative cross- 
sections through the main intrusions (for example, Moel Siabod, Craig 
Wen and Tal-y-Fan), and to reflect any obvious variation in texture and 
mineralogy. Also a number of small, isolated intrusions were sampled 
including an unnamed intrusion north of Tal-y-Fan (SH 725728) and an 
intrusion on the south side of Cwm Eigiau. Samples of approximately 
2kg. were taken with as much weathered material as possible removed. In 
general veined material, containing mainly epidote, calcite  and quartz, 
was excluded although some fine veining was not readily seen in the hand 
specimens and had to be removed during sp lit t in g .  As well as the large 
geochemical sample a small hand specimen was taken at each location for 
petrographic and possible microprobe examination.
Sample preparation consisted of in i t ia l ly  sp lit t in g  the sample into 
small blocks excluding, at th is stage, any remaining weathered or veined 
material. The sample was further crushed in a Sturtevant jaw crusher 
before the amount of sample was reduced to approximately 200gm by cone 
and quartering. 50 and 120gm sub-samples were then tema-milled for 15 
and 40 seconds respectively, the former for FeO determinations u t il is in g  
standard wet chemical techniques,and the la tte r for X-ray fluorescence 
analysis. The larger sub-sample was homogenised and a 30gm portion ba ll-
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milled for approximately 20 minutes. Fused discs were produced by 
mixing sample (previously ignited at 1000°C) in a 1:5 ratio  with ignited 
lithium metaborate flux, fusion being achieved by heating the sample/ 
flux mixture to approximately 1200°C over a meker burner for 30 minutes.
The fused liqu id  was then cast into a g lass d isc on a brass casting 
plate and pressed into shape with an aluminium plunger. The fused disc 
was then allowed to slowly cool. Pressed pellets were produced by 
mixing about 10 drops of Mowiol binder with 6gm of ball-m ilied sample. 
Pellets were cast in  a tungsten carbide press at a pressure of 20 tons 
per square inch fo r 4 minutes. The pellets thus produced were then 
oven dried overnight. Most major element analyses were undertaken on 
the glass d isc s, whereas Na^O, and trace element analyses were 
performed on the pressed powder pellets. Analysis was by standard 
X-ray fluorescence spectrometry.
A detailed account of the sample preparation techniques employed 
and an outline of the analytical procedures can be found in Daly (1978), 
Bevins (1979) or Haselock (1982). The machine conditions employed and 
an assessment of the accuracy and detection lim its of the technique 
are presented in Appendix 1 ( i) .  The resu lts of the geochemical 
analyses for both major and trace elements are presented in Appendix 
3 ( i)  and 3 ( i i )  respectively.
2.3. Bulk major element characteristics
In Table 2.A. the mean major and minor element geochemical charact­
e rist ic s  of the Conwy Valley meta-dolerites are compared with those of 
average basalts (Manson, 1968) and average sp il ite s  (Vallance, 1969).
It  canclearlybe seen that in many respects the Conwy Valley meta-dolerites 
display the chemical characteristics of fresh basalts, particu larly  in 
terms of Fe20g, FeO, CaO and Na20. In addition the mean Fe^/FeO  ratio
Oxide 
(wt %)
Average
basalt
(Manson,1968)
Average 
spi 1 ite
(Vallance,1969)
Average 
Conwy Valley 
meta-dolerite
Si02 49.2 49.0 47.0
Ti02 1.9 1.5 1.99
Al 2°3 15.8 15.4 15.37
Fe20^ 3.0 4.1 2.78
FeO 8.0 6.1 7.93
MnO 0.17 0.18 0.21
MgO 6.6 5.3 8.06
CaO 10.0 7.6 9.38
Na20 2.7 4.1 2.57
k2o 1.0 1.1 0.50
P2°5 0.33 0.3 0.28
h2o 0.9 3.2 4.23
Fe20j/Fe0 0.38 0.67 0.39
FeO*/HgO 1.62 1.85 1.53
TABLE 2.A. Comparison of mean element data fo r  the Conwy Valley 
meta-dolerites with average basalt and average sp il ite .
Average Average Average
Oxide basali spi 1ite  Conwy Valley
wt %)_______________ (Manson,1968) (Vallance,1969) meta-dolerite
Si 02 49.2 49.0 47.0
Ti02 1.9 1.5 1.99
Al 2°3 15.8 15.4 15.37
Fe2°3 3.0 4.1 2.78
FeO 8.0 6.1 7.93
MnO 0.17 0.18 0.21
MgO 6.6 5.3 8.06
CaO 10.0 7.6 9.38
Na20 2.7 4.1 2.57
7^ ro o 1 . 0 1 . 1 0.50
P2°5 0.33 0.3 0.28
h2o 0.9 3.2 4.23
Fe203/Fe0 0.38 0.67 0.39
FeO*/MgO 1.62 1.85 1.53
TABLE 2.A. Comparison of mean element data for the Conwy Valley
meta-dolerites with average basalt and average sp il ite .
FIGURE 2.2. HO vs Fe9Oo/FeO for the meta-dolerites from the ConwyL. C O
Valley, showing a mean basalt, a submarine weathering 
trend and a sp il it isa t io n  trend, from Floyd and Tarney, 
(1979).
)
FIGURE 2.3. H20 v s  Fe203 for the meta-dolerites from the Conwy
Valley, showing the f ie ld s  for fresh basalt, submarine 
weathered basalt, and basalts metamorphosed in the 
zeolite and the greenschist facies, from Miyashiro 
et al. (1971).
2 5-1
Fe2° 3
FeO
Mean
basalt
1 3
H2 0 wt%
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is comparable to that of fresh basalts. The mean S iO2 and K20 values 
are both rather lower, and the mean MgO and H^O values rather higher 
than either average basalts or average sp il ite s .  Obviously any comparison 
between mean bulk elemental data fo r d ifferent rock types canbe of 
only limited value as no information concerning the range in composition 
observed within each group is  conveyed, pa rticu la rly  for elements such 
as FeO, Fe203, CaO, HgO, Na.,0 and H20.
One feature that is  immediately evident from a comparison of the 
data contained in  Table 2.A. is  that the intrusions have been subject to 
large scale hydration with the mean H20 content being in excess of 4%, 
as compared to a mean H20 content of about 1 % in fresh basic rocks.
Figure 2.2. is  a plote of H20 against oxidation ratio  (after Floyd and 
Tarney, 1979), showing a low temperature a lteration  trend (submarine 
weathering) and a higher temperature a lteration trend ( sp il it is a t io n ) .  
Clearly the samples from the Conwy Valley f a l l ,  as might be expected, 
along the re la tive ly  high temperature a lteration trend. Figure 2.3. plots 
Fe203 against H20 and has been used by Miyashiro et a l. (1971) to 
differentiate between fresh submarine basalts and gabbros and those 
subjected to a range of alteration including submarine weathering, zeolite 
facies metamorphism and greenschist/amphibolite facies metamorphism.
The majority of the Conwy Valley samples plot in the higher grade alteration 
fie ld  (73% of samples in the greenschist/amphibolite facies f ie ld  with a 
smaller number plotting in the lower grade alteration f ie ld s  (23% in the 
zeolite facies f ie ld , M  along the submarine weathering trend). No 
samples plot in the fresh basalt/gabbro f ie ld .
From a preliminary examination of the bulk rock, major element 
geochemical characteristics, i t  is  evident that the Conwy Valley dolerites 
have been subject to re la tive ly  high temperature, hydrous metamorphism. 
Hence, i t  is  probable that the marked chemical variation observed within
the meta-dolerites reflects the effects of both primary magmatic 
variation and re lative  element mobility during la ter metamorphism. I t  
is, therefore, necessary to assess and quantify the effects of both 
primary and secondary processes on meta-dolerite geochemistry within 
the Conwy Valley.
2.4. Element mobility during metamorphism
2.4.1. Introduction
In the present context i t  is  important that re lative element 
mobility within the meta-dolerites of the Conwy Valley is  examined in 
order to assess: i)  the petrographic observations of Chapter 3, 
particularly in terms of the re lative abundance of the dominant secondary 
mineral phases, and i i )  the degree to which the chemical variation is 
due to secondary processes. Approximate re lative  element mobility is  
examined by the use of inter-element correlation matrices which are 
presented in Tables 2.B., 2.C., and 2.D. This approach presents the 
data in a convenient form and enables a simple quantification of in te r­
element re lationsh ips. For the major element correlation matrix there 
is a problem in that some correlation must occur because of the effects 
of summation to 100%. The major drawback to th is type of approach is 
that the re su lts are not presented v isu a lly ,  to compensate for th is 
some binary element plots are also presented to illu stra te  examples of 
specific geochemical features.
2.4.2, The correlation matrices
Three correlation matrices are presented representing i)  major 
elements (Table 2.B), i i )  trace elements (Table 2.C), and i i i )  a 
combination of the more mobile trace and major elements (Table 2.D), 
the last Table being derived from the f i r s t  two.
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From the literature the major elements T i0o and Po0r areC. ¿ D
considered essentia lly  immobile during low-grade metamorphism 
(Winchester and Floyd, 1976) as is  the Fe0*/Mg0 ratio (Miyashiro et a l ., 
1971; Vallance, 1974); MgO, and FeO* (total iron as FeO) are
considered s lig h t ly  mobile during low-grade metamorphism (Vallance,
1965); whilst SiO^, CaO, 1^ 0 , Na20 and are considered highly mobile 
during low-grade metamorphism (Vallance, 1965; Humphris and Thompson,
1978). Table 2.B. clearly  indicates that th is  general pattern is  
applicable to the Conwy Valley meta-dolerites. Ti02 and P205 display 
relatively good correlation with A1203> MnO, FeO, FeO*, MgO and the 
FeO*/MgO ratio. Correlation between Ti02 and FeO* and the FeO*/MgO 
ratio is  particularly good (r = > .86), perhaps indicating that 
although the oxidation state of iron is  variable, total iron and the 
FeO*/MgO ratio remain re la tive ly  constant throughout low-grade 
metamorphism. Of the more commonly mobile components within the matrix 
several interesting correlations ex ist, for example, good negative 
correlation (r = > - .5) ex ists between S i02 - MgO, Na20 - MgO, S i02 - 
H20 and H20 - Na20, whilst good positive  correlation (r = > .65) exists 
between Si02 - Na20 and MgO - H20. The correlations are thought to 
reflect specific mineralogical and petrographic trends and are discussed 
in more detail in the next Chapter.
Trace elementswere analysed for in the 34 samples collected from 
the Moel Siabod intrusion. From the lite rature  the trace elements Zr,
Y and Nb generally remain immobile during low-grade metamorphism (Cann, 
1970; Winchester and Floyd, 1976) w hilst Rb,Sr and Ba are generally 
mobilised (Cann, 1970; Pearce and Cann, 1973). From Table 2.C. i t  can 
be seen that good positive correlation (r = > .88) ex ists between Zr,
Nb and Y supporting the view that they have remained immobile during low- 
gnade metamorphism. In addition, good correlation (r = > .82) ex ists
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between these elements and La, Ce and Nd, suggesting that these elements 
also have remained e ssen tia lly  immobile throughout low-grade metamorphism. 
In contrast, poor correlation (r = < .5) exists between these immobile 
elements and Rb, S r and Ba, supporting the view that these later elements 
were mobilised. However, good correlation (r = .76) ex ists between Rb 
and Ba, a reflection that these trace elements are c lo se ly  associated, 
particularly w ithin the crystal structure of the feldspars. Correlation 
between the immobile elements and Ni and Cr is  negative and rather poor 
(r = < - .65), a reflection  that the incompatible trace elements are 
concentrated in magmatic d ifferentiates whilst compatible Ni and Cr are 
readily removed from the magma during the c ry sta llisa t io n  of o livine 
and pyroxene. In addition, some mobilisation of these elements might 
have occurred during alteration (Pearce and Cann, 1973) with Ni in 
particular being concentrated in o liv in e  and, therefore, being subject 
to mobilisation as o liv ine  breaks down. Low-grade metamorphism could 
cause sign ificant variation in the Ni and Cr values thus accounting for 
their re lative ly  poor correlation with the immobile trace elements.
Correlation between the FeO*/MgO ratio  and the immobile elements 
is  also re la tive ly  good (r > .80) indicating that th is ra tio  can be 
reliably used as a measure of d ifferentiation  even after low-grade 
metamorphism (Floyd, 1983). Table 2.D. is  a correlation matrix for the 
relatively mobile major and trace elements S ^ ,  CaO, f ^ O ,  1^0, H2O,
Rb, Sr and Ba. The correlation between Na£0 - S i0^ and Ba - Rb has 
already been noted. Of the remaining elements good correlations exist 
between Sr - CaO, K - Rb and K - Ba. These correlations reflect the 
incorporation of a trace element associated with a specific  major 
element into the crystal structure of a common mineral (Cann, 1970).
The consistent negative correlation between H2O and the other elements 
of Table 2.D. re flects the so lu b ility  and subsequent removal of these

10000
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elements in the presence of an aqueous f lu id  during low-grade metamorphism.
The very good correlation between I^O and Rb (r = .84) in the Moel 
Siabod intrusion indicates that although these elements have been 
mobile (Tables 2.B. and 2.C.), in re lation to each other they would 
appear to have behaved as an e ssen tia lly  coherent element pair. As a 
result, even though the absolute values of K and Rb have l i t t le  meaning, 
the K/Rb ratio might reflect the o rig ina l K/Rb ratio of the fresh 
dolerites. However, when the K and Rb data from Moel Siabod are plotted 
on a K vs K/Rb diagram (Figure 2.4.) the effects of alteration can be 
readily seen. Hart (1969) and Hart and Nalwalk (1970) demonstrate that 
fresh basalts display a constant K/Rb ra tio  with variable K content. 
Alteration results in variable K vs K/Rb trends. Figure 2.4. clearly 
displays a broad scatter of data ind icating that the observed d is t r i ­
bution is  related more to the effects of alteration than primary igneous 
processes. Floyd et al. (1976) describe a sim ilar K vs K/Rb d istribu tion  
with a broadly negative K vs K/Rb trend being related to alteration.
Only the Pen-y-Gadair, Tal-y-Fan and Craig Eigiau meta-dolerites were 
found, by Floyd et a l. (1976),to d isp lay constant K vs K/Rb associated 
with re lative ly  fresh basic rocks.
The relative effects of primary and secondary processes on element 
distribution can be examined through inter-element binary plots between 
i) an essentially immobile d iffe rentia tion  index, such as the FeO*/MgO 
ratio, and, i i )  water. Examples of these relationships are shown in 
Figures 2.5. and 2 .6. where examples of re la tive ly  more and less mobile 
major elements are plotted against the FeO*/MgO ratio and H20 respect­
ively.
The correlation matrices suggest that on the hand specimen scale:- 
i)  Ti02 , P205, MnO, FeO, FeO*, Ce, Nd, La, Y, Zr and Nb have remained 
essentially immobile.
FIGURE 2.5. The relationship between the FeO*/MgO ratio  and 
the re la tive ly  more and le ss  mobile elements.
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i i ) Al pOy» Fe2^3 > M9°> rji and bave been pa rt ia lly  mobilised and, 
i i i ) Si02, CaO, Na20, K20, H^O, Rb, Sr and Ba have been extensively 
mobilised during low-grade metamorphism.
These re su lts  are generally consistent with the find ings of other 
studies in areas of low-grade (greenschist facies) metamorphism (Cann, 
1969; Miyashiro et a ! . ,1971; Pearce, 1976; Humphris and Thompson,
1978). As a re su lt of these conclusions i t  is  clear that only the 
relatively le ss  mobile major and trace elements can be confidently used 
to d istinguish the primary magmatic geochemical characteristics of the 
meta-dolerites as variation in any of the more mobile elements may well 
reflect the effects of both magmatic and metamorphic processes.
2.5. Primary magmatic geochemical characteristics
2.5.1. Introduction
The effects of metamorphism on do lerite  geochemistry in the Conwy 
Valley was discussed in Section 2.4. where a group of re la tive ly  less 
mobile elements was also distinguished. Variation in these elements or 
element ra tio s, therefore, should re flect differences in magmatic, rather 
than metamorphic, processes. Primary magmatic dolerite  variation could 
reflect either a variable magma source, leading to the presence of a 
series of parent magmas of s lig h t ly  d ifferent composition, or variation 
in magmatic processes such as fractional c ry sta llisa t io n . The elements 
and elemental ra tio s most frequently used for the study of primary 
magmatic geochemical characteristics in rocks subject to low-grade 
metamorphism include Ti02, P205> FeO, MgO, FeO*/MgO, Nb, Zr, Y, Ni, Cr, 
Zr/Ti02, Zr/P20g and Nb/Y (Floyd and Winchester, 1975; Pearce and 
Norry, 1979; Floyd, 1983; etc).
2.5.2. Geochemical a ff in it ie s
The bulk rock data are plotted on a triangular AFM diagram
FIGURE 2. . AFM (A = Na20 + 
diagram for the
K,,0, F = total 
meta-dolerites
Fe as M = MgO)
from the Conwy Valley.
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(Figure 2.7.) although th is diagram is  only of value i f  the elements 
used in its  construction are known to have been essentia lly  immobile 
during low-grade metamorphism, or i f  the effects of any alteration are 
known. In Section 2.4. it  was shown that FeO* and, to a lesser extent, 
MgO have remained re la tive ly  stable during low-grade metamorphism, 
whereas Na20 and I^O appear to have been rather more mobile. The 
relative mobilisation of Na20 and K20 is  responsible for the re lative ly  
broad scatter in the proportion of these a lka li elements within the AFM 
diagram.
Despite the obvious effect of the mobilisation of Na20 and K.,0, 
the AFM diagram provides useful information concerning the re lative 
amount of magmatic d iffe rentia tion , and the d istribution  of points 
parallel to the F-M axis of the diagram suggests some degree of iron 
enrichment. The approximate degree of iron enrichment can be crudely 
quantified using the ratio  FeO*/MgO thereby producing a simple but 
useful measure of d ifferentiation  (Cox et a l. 1979; Floyd, 1983). The 
FeO*/MgO ratio increases progressively as re la tive ly  Mg rich phases 
such as olivine and clinopyroxene are precipitated. When iron-titanium 
oxides such as magnetite are precipitated the FeO*/MgO ratio quickly 
fa lls  as these minerals readily incorporate the excess iron. A lka li 
elements become progressively enriched in the later differentiates.
The d istinct trend towards Fe enrichment, re lative to Mg, in basic 
rocks is  often strongly developed in th o le iit ic  rocks, moderately 
developed in alkaline rocks and only poorly developed in calc-alkaline 
rocks (Cox et al.,1979). The geochemical relationships observed in 
figure 2.7. would, therefore, suggest that the meta-dolerites from the 
Conwy Valley represent variably differentiated intrusions that are 
probably th o le iit ic  in nature.
In Figure 2.8. the data from the Conwy Valley meta-dolerites are
FIGURE 2.8. FeO*/MgO vs SiO2 and FeO*/MgO vs FeO* for the Conwy 
Valley meta-dolerites showing the tho le iite  and calc- 
alkaline compositional f ie ld s ,  from M iyashiro, 1974.
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plotted on the FeO*/MgO vs SiC>2 and FeO*/MgO vs FeO* diagrams of 
Miyashiro (1974), which he used to d istingu ish  th o le iite  and calc- 
alkaline igneous suites. On the FeO*/MgO vs S i0 2 plot the data fa lls  
clearly in the thole iite  f ie ld  with only 2 samples from Cerrig Cochion 
falling in the calc-alkaline f ie ld . On the FeO*/MgO vs FeO* plot the 
data straddles the ca lc-a lka line/tho le iite  divide of Miyashiro.
However, the trend developed c lea rly  reveals FeO* enrichment with 
increasing FeO*/MgO (d ifferentiation) which is  typical o f th o le iit ic  
igneous suites. Miyashiro (1974) states that the exact position of the 
calc-alkaline/tholeiite divide is  le ss s ign if ican t than the response 
of FeO* to increase in FeO*/MgO with th o le iit ic  suites displaying 
relative iron enrichment and ca lc-a lka line  su ites re lative  iron 
depletion. By th is criterion  the Conwy Valley meta-dolerites display 
characteristics comparable with th o le iit ic  igneous su ites.
A large number of magmatic discrim ination diagrams have been 
proposed u t ilis in g  trace elements, or a combination of trace and major 
elements (for example, Pearce and Cann, 1973; Floyd and Winchester,
Pearce, 1975, etc.). For rocks affected by low-grade metamorphism 
only elements that are re la tive ly  stable during post consolidation 
esses are of value as the ir concentrations and/or element ratios 
should remain approximately constant. Elements and element ratios 
most widely used in th is context include P205 , Ti02 , Zr, Y, Nb, Zr/
P2°5 and Nb/Y (Floyd and Winchester, 1975; Winchester and Floyd, 1976). 
The discrimination diagrams of Figure 2.9. plot P20g against Zr, Ti02 
gainst Zr/P20g and Nb/Y against Zr/PpCL respectively, and are taken
f  ^ ^
Floyd and Winchester (1975). In a ll three diagrams a majority of 
Foel Siabod samples plot unequivocally within the th o le iit ic  or 
alkaline fie lds with only one or two of the most differentiated 
P 6^S (those with high FeO*/MgO ra tio s) plotting close to the
FIGURE 2.9. Magmatic discrim ination diagrams for the Moel Siabod meta 
dolerite, i)  vs Zr, i i )  Ti02 vs Z r / P ^ ,  and i i i )  
Nb/Y vs Zr/P205 , showing the th o le iit ic  and alkaline 
compositional f ie ld s, from Floyd and Winchester (1975), 
and iv) the T i-Y-Zr diagram showing the compositional 
fie ld s of A Low-K tho le iites, ¿o cean  floor basalts,
X. Calc-alkali basalts, and D. Within-plate basalts, from 
Pearce and Cann (1973).
more fractiona ted samples
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tholeiite/alkaline divide. The trace element evidence, therefore, would 
support the suggestion that the Moel Siabod meta-dolerite is  an altered 
tholeiitic s i l l .
Finally, in Figure 2.9. the Moel Siabod samples are plotted on 
the triangular tectonic discrim ination diagram of Pearce and Cann 
(1973). It  is  readily apparent that a majority of the samples plot in 
the field of 'w ithin plate ba sa lts ' although some straddle the boundary 
into the fie ld  of 'typical ocean f lo o r  b a sa lts '.  The three pegmatitic, 
highly differentiated samples (169R1, 169R2 and 179C) plot within, or 
close to, the f ie ld  of ‘ca lc -a lka line  b a sa lts '.  Floyd et al. (1976) 
described a sim ilar d istribution  of re su lts  for meta-dolerites from 
the Conwy Valley.
2.5.3. Primary variation in geochemical characteristics
A relatively large amount of primary geochemical variation exists 
within the meta-dolerites of the Conwy Valley that does not reflect the 
effects of low-grade metamorphism. I t  is  possible for primary magmatic 
differences to occur as a resu lt of differences in the degree or type 
of the fractionation process or the degree of in it ia l  partial melting 
resulting in the production of a se r ie s  of parent magmas displaying 
subtly different geochemical cha racte rist ics.
If  the th o le iit ic  intrusions of the Conwy Valley are derived from 
lightly different parent magmas, some evidence for th is  should exist 
their incompatible element geochemistry (elements that do not 
readily enter common mineral phases). In the present study trace 
lements were only determined in the samples from Moel Siabod, however, 
or:1e indication of the broader incompatible element geochemical trends 
thin ttle Conwy Valley can be gained from the use of the geochemical 
ta ^oyd et al. (1976) in conjunction with that obtained in the
Y vs Zr, T i0  ^ vs Zr and Nb vs Zr for a number of 
Conwy Valley meta-dolerite intrusions. Data troni 
thè present study and Floyd et al. (1976).
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present study. In Figure 2.10. TiC>2 , Y and Nb are plotted against Zr 
for a number of intrusions within the Conwy Valley. No systematic 
relationship exists between incompatible trace element d istributions 
from different intrusions with in tra -in tru sion  variation being as marked 
as inter-intrusion variation. S im ila rly  i f  FeO* is  plotted against 
Ti02 (Figure 2.11) l i t t le  variation ex ists in the relative d istribution 
of Ti02 and FeO* between intrusions with the overall data generally 
showing good positive inter-element correlation (r  = .86) with l it t le  
spread. Floyd et a l. (1976) recognised some variation in incompatible 
element ratios (Nb/Y and Zr/P205) with samples from the Cerrig Cochion, 
Craig Eigiau and Moel Siabod intrusions having generally lower Nb/Y and 
higher Zr/P205 than samples from other in trusions in the Conwy Valley.
As a result of the above observations i t  would appear that some 
primary variation in incompatible element geochemistry, particu larly  
element ratios, can be recognised. However, th is variation is  not 
systematic leading to the conclusion that much of the variation in 
geochemistry between the dolerite s i l l s  of the Conwy Valley must reflect 
factors other than differences in the composition of the parent magma 
from which the dolerites are derived.
The nature and influence of fractionation processes on primary 
geochemistry can be investigated through the use o f:-
')  an index of differentation plotted against the compatible trace 
elements (those that readily enter common mineral phases), i i )  compatible 
element binary re lationsh ips, and, i i i )  incompatible element binary 
relationships. A convenient major element d ifferentiation  index that 
has been used for low-grade meta-basic rocks is  the FeO*/MgO ratio 
(Tor example, Floyd, 1983). In Sections 2.4. and 2.5.2. i t  was shown 
That th is ratio is  l i t t le  affected during low-grade metamorphism 
1 ndicating that it  probably accurately re flects primary d ifferentiation
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within the dolerites. The va lid ity  of th is  assumption can be tested by 
comparing the FeO*/MgO ra tio  with other immobile element measures of 
differentiation.
Floyd et a l . (1976) used the Zr/Ti02 ratio as a differentiation 
index in the meta-dolerites of the Conwy Valley. They observed that 
most meta-dolerites had Zr/Ti02 ra tio s of less than 0.010, a value 
indicative of l i t t le  differentiated basalts. Several samples displayed 
significantly higher Zr/Ti02 ra tios ind icating sign ifican t d ifferentiation. 
In the current project samples from Moel Siabod sim ila rly  display low 
Zr/Ti02 ratios with a mean Zr/Ti02 ra tio  of 0.006 (standard deviation = 
0.0009), based on 31 samples. However much higher Zr/Ti02 ratios of 
0.0334, 0.0163 and 0.0213 are displayed by the pegmatitic samples 
169R1, 169R2 and 179C, respectively. This indicates that the pegmatitic 
vein from which samples 169R1 and 169R2 were taken and the very coarse 
grained, obviously discordant exposures around SH 555728, from which 
sample 179C was taken, represent highly fractionated portions of the 
main Moel Siabod intrusion. This view is  further supported by the 
marked concentration of incompatible trace elements within these samples. 
Comparison of the Zr/Ti02 ratio  with the Fe0*/Mg0 ratio reveals broad 
correlation with most o f the Moel Siabod samples displaying Fe0*/Mg0 
ratios of less than 2.0 but with the more differentiated samples 169R1,
169R2 and 179C having s ig n if ic a n t ly  higher Fe0*/Mg0 ratios of 7.25,
3.16 and 3.82 respectively.
In basic rocks the concentration of T i02 progressively increases 
until fractionation of a Ti bearing ore phase. Ti02 is  immobile during 
low-grade metamorphism so that a good correlation should exist between 
Ti02 and Fe0*/Mg0. From Table 2.B. i t  i s  clear that good correlation 
(r = .88) exists between Ti02 and Fe'0*/Mg0 in samples with Fe0*/Mg0 
catios of less than 2.2. The re la tive ly  poor correlation in the more
\
FIGURE 2.12. Ni vs thè FeO*/MgO ratio and Cr vs thè FeO*/MgO ratio 
for thè Moel Siabod meta-dolerite.
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differentiated samples probably re flects the removal of T i02 during 
later fractionation.
In Figure 2.12. Ni and Cr are plotted against the FeO*/MgO ratio. 
Both plots reveal a sharp decline in compatible element with increase 
in FeO*/MgO, reflecting the fractionation of o liv ine , clinopyroxene 
and/or magnetite (Floyd, 1983). Scatter within these plots probably 
reflects later mobilisation of Cr and particu larly  Ni as these mafic 
phases (particularly o liv ine) break down during metamorphism. Bevins 
(1979) and Floyd (1983) use compatible element binary plots (A1203 vs 
Mg° and Ni vs Cr respectively) to investigate the nature and identity 
of the fractionating phases using published solid/melt d istribu tion  
coefficients and the Rayleigh fractionation Law. However, when the 
data from the Conwy Valley meta-dolerites are plotted on A1203 vs MgO 
and Ni vs Cr diagrams (Figures 2.13 and 2.14 respectively) a broad 
scatter is evident probably re flecting  the effects of subsequent meta­
morphism. Also, the recognition o f  the chemical characteristics of 
a parent magma is  d if f ic u lt  in the Conwy Valley meta-dolerites as the 
normal assumption that the ch illed  margin reflects the composition of 
the parent magma is  doubtful as the effects of metamorphism are often 
very pronounced in the contact zones of many of the intrusions.
Pearce and Norry (1979) use binary plots of the immobile, incom­
patible elements Zr, Nb, Y and T i02 to quantify the effects of crystal 
fractionation. Using a variety of igneous suites displaying broad 
ranging fractionation characteristics they quantify the effects of 
Plagioclase, o livine, clinopyroxene, magnetite, orthopyroxene, amphibole 
and bi°tite fractionation on incompatible element d istribution. In 
Figure 2.15 the incompatible element data for Meol Siabod is  plotted on 
i°9 graphs on which the calculated mineral fractionation vectors of 
earce and Norry (1979) are also shown. The incompatible element data
FIGURE 2.13. MgO vs ^12O3 ^or the meta-dolerite intrusions from 
the Conwy Valley. Fractionation vectors from 
Bevins (1979).
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indicates that mafic mineral and p lagioclase fractionation is  responsible 
for the observed d istribution. The major fractionating phases appear to 
be olivine, clinopyroxene and plagioclase. In the Zr vs Ti02 plot, in 
particular, the most differentiated samples (169R1, 169R2 and 179C) 
display a lower T i02 content than might be expected i f  only o liv ine , 
clinopyroxene and plagioclase were fractionating. This trend towards 
relatively lower T i02 in the more differentiated samples reflects the 
late fractionation ofaTi-bearing phase presumably magnetite. The effects 
of magnetite fractionation on the Zr vs Nb and Zr vs Y plots would be 
minimal as magnetite fractionation cannot be readily distinguished on 
these plots from the effects of p lagioclase, clinopyroxene and o liv ine  
fractionation.
From the preceding discussion i t  would appear that primary 
(magmatic) and secondary (metamorphic) processes have markedly influenced 
the geochemical characteristics of the meta-dolerites of the Conwy 
Valley. Once the effects of metamorphism on element mobility and 
distribution have been assessed i t  i s  possible to use those elements 
least affected by metamorphism to examine the o rig ina l nature and 
characteristics of the dolerites. In the Conwy Valley re la tive ly  minor 
chemical differences exist between d iffe rent in trusions leading to the 
conclusion that they were derived from a single  parent magma or from a 
series of parent magmas displaying s im ila r  geochemical characteristics.
MlJch of the observed variation in immobile elements can be accounted for 
by 0 l^vine> clinopyroxene and plagioclase fractionation with sign ificant 
magnetite fractionation occurring only in the most differentiated samples.
^— Geochemical variation within individual intrusions
In Section 2.5.3. it  was shown that much of the primary geochemical 
amation in the meta-dolerites of the Conwy Valley, reflects the effects 
f crystal fractionation in variably d ifferentiated dolerite s i l l s .
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Figure 2.16. shows the mean FeO*/Mgo ratio  for each in trusion , also 
shown is the FeO*/MgO one standard deviation which reflects the degree 
of internal d ifferentiation within the intrusions. From Figure 2.16. 
it is clear that the more prim itive in trusions, displaying re la tive ly  
low mean FeO*/MgO ra tio s, a lso  exhibit l i t t le  internal d iffe rentiation, 
conversely, the more evolved intrusions, displaying higher mean FeO*/
MgO ratios,exhibit s ig n if ic a n t ly  more internal variation. I t  would 
appear,therefore, that s ig n if ic a n t variation in primary geochemical 
characteristics exist between the intrusions of the Conwy Valley that 
reflect differences in the degree of differentiation with the develop­
ment of relatively prim itive (Cerrig Cochion) and re la tive ly  evolved 
(Creigiau Geuallt, Cwm Eigiau south) dolerite intrusions. This primary 
variation in d ifferentiation  probably accounts for much of the variation 
in the less mobile major elements (MgO, FeO*, Ti02 etc.) both between 
the intrusions and within in trusions displaying evidence fo r  marked 
interal variation.
Many of the primary and secondary features discussed in  Sections
2.4. and 2.5. can be seen in the traverses through some of the larger 
intrusions. Figure 2.17.1-5 are composite geochemical cross-sections 
constructed from the chemical data obtained from traverses through the 
Moel Siabod east, Moel Siabod south, Craig Wen and Tal-y-Fan intrusions, 
and the small,but petrographically and chemically highly variable, 
intrusion north of Tal-y-Fan (SH 728725).
From Figures 2.17. 1-5 i t  would appear that the FeO*/MgO ratio 
systematically increases upwards in several of the intrusions. In 
Ed it ion, three of the in trusions contain samples displaying very high 
3.0) Fe0*/Mg0 ratios (the centre of the Tal-y-Fan, the upper margin 
°f Moel Siabod east and the uppermost samples from the small intrusion 
north of Tal-y-Fan). This la tte r intrusion (Figure 2.17. 5) most clearly
FIGURE 2.16. Mean Fe0*/Mg0 ratios ± one standard deviation 
reflecting inter- and in tra -in tru sion  geochemical 
variation in the meta-dolerites of the Conwy 
Valley.
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displays the effects of variable internal d ifferentiation with samples 
from the west (base), centre and east (top) displaying progressively 
higher FeO*/MgO ratios. Associated with th is  internal variation in 
d ifferentiation  is  a wide range in the re la tive ly  less mobile major 
elements such as Ti02 (1.12 - 5.61%). FeO* (7.46 - 19.12%), MgO (4.34 - 
11.64%) and (0.21 - 1.04%), that s t i l l  retain many of the ir
primary magmatic geochemical characteristics.
Another interesting feature evident from Figures 2.17. 1-5 is  that 
of re lative element depletion and enhancement in the margins of several 
intrusions. The H20 content, for example, is  often very high, particularly 
near the margins of the Moel Siabod intrusions. In addition the Si02 
content appears to be system atically lower in samples taken from 
intrusion margins compared to samples taken from within the central part 
of in trusions. The negative correlations between SiC>2 - H20 and Na.,0 - 
H20 and the positive correlations between S i02 - Na20 and H20 - MgO can 
also be c le a r ly  distinguished in the geochemical traverses. These features, 
particu larly  the high marginal H20 and re la tive ly  low marginal S i02
content might indicate that these elements have been respectively gained 
and lost from the intrusions through widespread regional element 
mobility during low-grade metamorphism. S i0 2, K20, H20 and particularly 
CaO and Na20 vary greatly between samples taken from the same intrusion, 
possibly ind icating that these elements were internally mobilised during 
low-grade metamorphism. Occasionally CaO in particular is  markedly 
concentrated with several extremely rich samples containing well over 
15% CaO. These samples represent s ite s  where CaO, mobilised during low- 
grade metamorphism, is  loca lly  concentrated in Ca rich secondary 
minerals, pa rticu la rly  epidote. The relationship between geochemistry 
and petrography in the meta-dolerites of the Conwy Valley is  examined 
more thoroughly in the next Chapter.
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2.7. Concluding remarks
The 103 major element and 34 trace element analyses undertaken on 
the meta-dolerites of the Conwy Valley display a large range in chemistry 
between samples from individual s i l l s ,  but only a re la t ive ly  small 
difference in bulk chemistry between intrusions. In te r-in trusion  geo­
chemical variation appears to re flect differences in the amount of 
primary d ifferentiation and variable element m obility during metamorphism.
It  would appear from the good correlation between H^ O and S i02>
MgO, Na^O, Rb, Sr and Ba that these elements may have been regionally 
mobilised during hydration. In addition oxides such as 1^0, S i02 , 
lia20 and, particu larly, CaO, appear to have been markedly mobile within 
the intrusive bodies with relative depletion in parts of the intrusion 
and corresponding, often quite extreme, enrichment in others. Good 
correlation between the immobile trace elements (Y, Zr and Nb) and Ti02 
FeO*, MnO, P20g, La, Ce and Nd indicated that these elements have behaved 
in an e ssentia lly  immobile, or only s lig h t ly  mobile way on anything 
other than the very small scale during low-grade metamorphism. The 
good correlation between Ti02, Y, Zr and Nb and the Fe0*/Mgo ratio 
indicates that th is too has remained re la tive ly  stable and can, therefore, 
be re liab ly  employed as an index of d ifferentiation.
The immobile major and trace element geochemical characteristics 
indicate that the meta-dolerites are derived from a differentiated 
th o le iit ic  magma. There are no systematic differences in incompatible 
element geochemistry between in trusions indicating that they are derived 
from one th o le iit ic  parent magma or that i f  more than one parent magma 
was involved they were compositionally very sim ilar. Much of the 
primary geochemical variation can be accounted for by crystal fraction­
ation with the major fractionating phases being o liv in e ,  clinopyroxene
3 6 .
and plagioclase and, in the latest stages, magnetite.
In the following two chapters the geochemical re su lts are u t ilised  
in the interpretation of the petrographic observations, where the 
re lationsh ips between geochemistry and petrography are examined, and as 
a data base to evaluate the role of host rock compositional control on 
metamorphic phase chemistry.
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CHAPTER 3
PETROGRAPHY OF THE META-DOLERITES
3.1. Introduction
An essential feature in any metamorphic area is  detailed and 
systematic petrographic observation. Microscopic observation of low- 
grade metamorphic rocks often provides valuable information concerning 
the primary mineralogy and the nature, d istribution  and variation of 
secondary minerals and the possible nature and direction of metanorphic 
reactions.
In the present study detailed petrographic observations were 
undertaken on the widely distributed meta-dolerites of northern 
Snowdonia. Other litho log ie s were examined in much less detail. In 
a l l ,  194 meta-dolerites were examined, 103 of these corresponding to 
samples on which bulk rock chemical analyses were obtained. The other 
91 samples are representative of the remaining intrusions of the Conwy 
Valley and central northern Snowdonia. The locations of samples used 
in the petrographic study are listed  in Appendix 2 ( i) .  The petrographic 
observations examine the effects of low-grade metamorphism in rocks of 
broadly sim ila r composition where alteration and recrysta llisa tion  has 
been incomplete. Geochemical control is  provided by the bulk rock data 
of the la st Chapter and contained in Appendix 3 (i).
It  was hoped that the petrographic observations would provide 
information concerning characteristic secondary mineral assemblages 
developed within the meta-dolerites, and d istingu ish  any variation in 
metamorphic assemblage on the small scale (within the area of a thin 
section), the medium scale (within an intrusion) and the re lative ly  
large scale (within northern Snowdonia). These observations could
then be used to allow some quantification of the parameters of meta­
morphism (pressure, temperature, f lu id  composition etc.,) and to attempt 
a correlation with other low-grade metamorphic indicators. Observation 
concerning the nature and in tensity  of alteration indicates the re lative 
control of the flu id  on metamorphic recrysta llisation. Together with 
the geochemical results i t  should be possible to evaluate the influence 
of bulk rock chemistry on the development and nature of the secondary 
minerals. In addition the petrographic and mineral chemical data have 
been used to assess, sem i-quantitatively, textural and chemical 
equilibrium and provide some indication of the scale over which 
equilibrium can be said to have been attained.
3.2. Re lict mineralogy
Although the basic in trusions of northern Snowdonia have suffered, 
to a greater or lesser extent, some low-grade metamorphism, the ir 
o rig ina l mineralogy has been only pa rtia lly  obliterated. The present 
mineralogy consists la rge ly  of aug itic  pyroxene, a lb itised plagioclase, 
ch lorite  and small amounts of sphene, with variable amounts o f two or 
three of the following phases, quartz, calcite, prehnite, epidote, 
actino lite , white mica, pumpellyite andstiIpnomelane. C learly these 
mineralogical characteristics are largely of a secondary nature and 
compare, at least sup e rfic ia lly ,  with the typical " s p i l i t ic "  mineral 
assemblages described by Vallance (1965); Miyashiro et a l . (1971) 
Humphris and Thompson (1978), and so on, that are typical of low-grade 
metamorphism of basic rocks.
The augitic  pyroxene is  considered to be a metastable, re lic t ,  
igneous phase that has typ ica lly  survived low-grade metamorphism with 
only re la tive ly  minor a lteration, qenerallv to ac tin o lit ic  amDhibole 
and occasionally to ch lorite . ClinoDvroxenes have been shown to persist 
during low-grade metamorphism, for example, in South Wales bv Bevins
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(1979) and throughout Wales by Bevins and Rowbotham (1983). Recently, 
Schiffman et al. (in  press) have described metamorphic clinopyroxene 
forming in stable association  with typical greenschist facies assemblages 
for example, i)  epidote + actino lite  + clinopyroxene, and i i )  epidote + 
biotite  + actino lite  + clinopyroxene. However, these new clinopyroxenes 
occur in c a lc -s ilic a te  rocks in an active geothermal f ie ld  (P = < lkb,
T = 250°C) and are, therefore, quite d ist in ct from the re lic t  igneous 
clinopyroxenes preserved in northern Snowdonia. It  may be, however, 
that the P/T s ta b il it y  f ie ld  of clinopyroxene i s  approached during low- 
grade metamorphism (pa rticu la rly  at high re lative  temperatures) thus 
possibly accounting fo r  the frequent persistence of clinopyroxene in 
the low-grade metamorphic environment.
A lb itised fe ldspar is  ubiquitous and typ ica lly  replaces igneous 
plagioclase precipitated in equilibrium with clinopyroxenes with which 
it  is  frequently o p h it ic a lly  intergrown (Figure 3.1.1). Occasionally 
plagioclase crysta ls d isp lay extinction angles of up to 32° (010 to a) 
indicating a lab radoritic  composition. However, extinction angles of 
over 20° are rare and crysta ls disp laying such high extinction angles 
are generally small. In several samples plagioclase d isp lays marked 
compositional zoning, again indicating a re lic t  calcic igneous p lagio­
clase. F ina lly , microprobe analysis confirms the presence of labrador­
it ic  plagioclase in samples 66A and 661 with a maximum anorthite content 
of 60% (An^g). It  would appear, therefore, that the o rig ina l igneous 
plagioclase was lab radoritic  in composition which has been subsequently 
a lb itised during low-grade metamorphism. Re lict calcic plagioclase 
feldspars have been described from Welsh meta-dolerites by Howells et 
a l . (1978) and Bevins and Rowbotham (1983).
Much of the sphene present within the meta-dolerites is  thought 
to reflect the a lteration  of an orig ina l Ti-Fe ore phase. Often sphene
FIGURE 3.1.1. 
(Upper le ft)
Relict ophitic intergrowth of plagioclase (white) 
with pyroxene (black), sample 47D (central Conwy 
Valley). XP. X10.
. I
FIGURE 3.1.2. 
(Upper right)
Exsolution and alteration in the ores with 
magnetite (black) intergrown with ilmenite, 
now altered to sphene (very dark grey), 
sample TZ (Tal-y-Fan). PPL. X63.
FIGURE 3.1.3. In te rs t it ia l alteration site  containing chlorite  
(Lower le ft) (medium grey), epidote (ligh t grey) and acicular 
actino lite  (needles), sample 168G (Moel Siabod). 
PPL. X63.
FIGURE 3.1.4. Sub-rounded chlorite pseudomorphing an o rig ina l 
(Lower right) o liv in e , sample 66D (Cerrig Cochion). PPL. X10.
B a r r i r
FIGURE 3.1.1 
(Upper le ft)
FIGURE 3.1.2. 
(Upper righ t)
FIGURE 3.1.3. 
(Lower left)
FIGURE 3.1.4. 
(Lower right)
Relict ophitic intergrowth of plagioclase (white) 
with pyroxene (black), sample 47D (central Conwy 
Valley). XP. X10.
Exsolution and alteration in the ores with 
magnetite (black) intergrown with ilmenite, 
now altered to sphene (very dark grey), 
sample TZ (Tal-y-Fan). PPL. X63.
In te rs t it ia l alteration site  containing ch lorite  
(medium grey), epidote (ligh t grey) and acicular 
actino lite  (needles), sample 168G (Moel Siabod). 
PPL. X63.
Sub-rounded chlorite  pseudomorphing an o rig ina l 
o liv ine , sample 66D (Cerrig Cochion). PPL. X10.
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pseudomorphs the o rig ina l ore phase and occasionally there is  evidence 
that the ores had exsolved into T i-rich  (ilmenite) and Fe-rich (magnetite) 
phases, the former now being pseudomorphed by sphene whilst the la tte r 
remains re la tive ly  unaltered (Figure 3.1 .2.).
In addition to the phases outlined above, the meta-dolerites contain 
s ig n if ica n t amounts of in te rs t it ia l ch lorite  often associated with one 
o r more other secondary phases (Figure 3.1.3). The o rig in  of th is 
in te rs t it ia l material is  not clear, however, the textural evidence is  
consistent with the view that these ch lorite  in te rs t it ia l areas represent 
the products of mesostasis with late magmatic material trapped in the 
in te r s t it ia l areas between the ea rlie r formed coarser grained crysta ls.
Small sphene and brown amphibole crysta ls are frequently present within 
these areas and occasionally small clinopyroxene c rysta ls can also be 
di stingui shed.
F ina lly , in a number of samples, pa rticu la rly  the least d iffe rent­
iated samples from Tal-y-Fan and Cerrig Cochion, pseudomorphs of chlorite  
replacing o liv ine  occur (Figure 3.1.4). In the meta-dolerites of northern 
Snowdonia no fresh or re lic t  o liv ine  was found. Further west, in the 
layered mafic in trusions of the Llyn peninsula (Rhiw, Mynydd,
Penarfynydd, e tc .,) which have undergone s l ig h t ly  lower grade metamorphism 
(Roberts, 1981), r e l ic t  igneous o liv ine  is  abundant.
The meta-dolerites of northern Snowdonia display a range of igneous 
textures often d iscern ib le  despite the low-grade metamorphism. By far 
the most frequently developed texture is  that of ophitic  or sub-ophitic 
intergrowth of plagioclase and clinopyroxene (Figure 3.1.1). Occasion­
a l ly  cumulate or sub-cumulate textures are preserved where the cumulate 
phase is  generally pyroxene or, more rare ly, o liv ine  (now replaced).
Grain size in the meta-dolerites is  extremely variable and ranges from 
very fine grained d o le r it ic  through to coarsely gabbroic (Cerrig Cochion)
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and occasionally pegmatitic (parts of Moel Siabod). Grain s ize  appears 
to be largely independent of intrusion size or position w ithin the 
intrusion. In the contact zones of many intrusions a narrow (usually 
le ss that a metre), fine grained, ch illed  margin is  developed.
Compositional variation between samples is  reflected by differences 
in the re lative  proportions o f r e l ic t  clinopyroxene, a lb it ised  plagio- 
clase and in te r s t it ia l material, and through the presence of ch lorite  
pseudomorphs after o liv ine . The presence of occasional normal zoning 
in re lic t  ca lc ic  plagioclase and clinopyroxene, for example in  samples 
from the St. Celynin in trusion  2 km east of Tal-y-Fan (Samples 38A-H) 
re flect the progressive change in magma composition throughout the 
c ry sta llisa t io n  of these phases.
3.3. Secondary mineralogy
3.3.1. Bulk alteration characteristics
In the current study the following secondary mineral phases were 
recognised, prehnite, pirmpellyite, actino lite , epidote, white mica, 
a lb ite , stilpnomelane, ch lo rite , quartz, ca lc ite, sphene and (?)  b io tite , 
of these a lb ite , ch lorite  and epidote are volumetrically the most 
s ign if ican t. Within the samples of meta-dolerite from northern 
Snowdonia four characteristic  types of alteration have been distingu ished, 
reflecting the re lative abundance of chlorite, alb ite and epidote. The 
four categories of meta-dolerite are the characteristic hydrated meta- 
do lerite  and the more extreme ch lo rite , a lb ite  and epidote r ich  meta- 
do lerites, accounting for 49%; 24%; 16% and 11% of the samples respect­
ive ly. Broad c la ss if ic a t io n  of the samples in th is way is  c le a rly  
subjective. Continuous gradation ex ists  between samples belonging to 
the different meta-dolerite categories.
The general petrographic characteristics displayed by samples of
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the d ifferent types of meta-dolerite are:-
i)  Hydrated - moderate amounts o f chlorite, a lb ite  and, often, 
epidote with varying, but typ ica lly  small, amounts of hydrous Ca/Al 
s ilica te s, a c tino lite , white mica, ca lc ite  and quartz. Re lict c lino- 
pyroxene is  abundant and variably altered with only occasional internal 
alteration to chlorite  or actino lite , many samples d isp lay minor 
epitaxial a ctino lite  overgrowth. Plagioclase is  variably a lb it ised  and 
contains a variety of secondary phases including prehnite, pumpellyite, 
epidote and white mica. Ore minerals are variably altered. Hydrated 
dolerite samples occasionally d isp lay weak oriented fabrics.
i i )  A lb ite  rich - abundant a lb it ised  plagioclase re flecting  a high 
primary plagioclase content. Moderate amounts of ch lorite , ca lc ite , 
quartz and stilpnomelane and typ ica lly  small quantities of epidote also 
occur. Other secondary phases are re la t ive ly  scarce. Clinopyroxene 
is  often re la t ive ly  fresh with l i t t l e  alteration to either ch lorite  or 
amphibole. Plagioclase is  typ ica lly  thoroughly a lb it ised  containing 
minor white mica or epidote, the ores are re la tive ly  unaltered. These 
samples generally appear l i t t le  altered and never d isp lay oriented 
fabrics.
i i i )  Chlorite  rich - abundant ch lo rite  with moderate amounts of the 
hydrous Ca/Al s il ic a te s ,  actino lite , epidote and white mica and 
typ ically small amounts of ca lc ite  and quartz. The orig ina l plagioclase 
is  often thoroughly replaced, often by chlorite, and contains variable 
amounts of the hydrous Ca/Al s il ic a te s .  Clinopyroxene often displays 
sign ificant epitaxial a ctino lite  overgrowth and the development of 
internal ch lo rite  veins. Ore minerals are also typ ica lly  heavily 
altered. R ecrysta llisa tion  in these samples is  marked and many of the 
samples have developed an oriented metamorphic fabric.
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iv) Epidote rich - abundant epidote with moderate or small amounts 
of a lb ite, ch lo rite  and stilpnomelane. Other secondary minerals are 
re la tive ly  scarce. Clinopyroxenes and the ores are often re la tive ly  
unaltered. Plagioclase is  thoroughly a lb it ised  and often contains 
small c ry sta ls  of epidote. These samples do not develop oriented fabrics 
with the abundant epidote occurring as randomly oriented prismatic 
crysta ls.
The differences in alteration characteristics are thought to 
reflect the effects of both primary magmatic variation and subsequent 
differences in a lteration between samples. A lb ite  and ch lorite  rich 
samples represent the most and least fractionated samples respectively 
(re lative  to the hydrated meta-dolerite samples).
No systematic re lationsh ip  ex ists between the epidote rich 
samples and fractionation and these samples probably reflect the local 
concentration of Ca mobilised during metamorphism. The relationship 
between geochemistry and bulk alteration characteristics is  discussed 
in more detail in Section 3.7.2.
Diagnostic low-grade prehnite ± pumpellyite ± actino lite  ± epidote 
bearing assemblages are best developed in samples of the hydrated and 
ch lorite  rich  meta-dolerites, the a lb ite  and epidote rich meta-dolerites 
tend to contain assemblages lacking the diagnostic,low-grade, secondary 
phases.
3.3.2. Secondary mineral assemblages
The re su lts of the petrographic observations are shown in Appendix 
4 where the secondary mineral assemblages identified for each sample 
are listed. These are based on observations on a standard thin section. 
Some attempt is  made to d ist ingu ish  between the volumetrically major 
and minor phases, those showing evidence of breakdown and zoned phases
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(particularly epidotes).
Chlorite, sphene and plagioclase feldspar are ubiquitous (Appendix 
4) although the fe ldspar is  occasionally a re lic t  igneous phase.
Epidote is  frequently developed although it s  optical properties are 
highly variable, ranging from yellow and pleochroic (a = colourless,
B = yellow, y = yellow ) p ista c it ic  epidote to colourless and non- 
pleochroic c l in o z o is it ic  epidote. In addition, many of the epidotes 
are optica lly  continuously zoned from a more p ista c it ic  core to a less 
p istac itic  rim, an observation confirmed by microprobe analyses in the 
next chapter. Of the remaining secondary phases cal c ite , quartz and 
white mica are widespread throughout northern Snowdonia whilst s t ilp n - 
omelane is  only sporad ica lly developed in the more fractionated rocks 
(Section 3.7.3). B io t ite  was only recognised in one sample and whether 
i t  was re lic t  or secondary is  uncertain. Prehnite, pumpellyite and 
actino lite, therefore, appear to be the c r it ic a l secondary mineral 
phases whose development might be related to metamorphic conditions, 
an interpretation consistent with observations from other areas of low- 
grade metamorphism by, for example, Hawkins (1967); Coombs et a l . (1970); 
Bishop (1972); Zen (1974) and Bevins and Rowbotham (1983). The 
development of Fe-poor epidote (c lino zo is ite ) has a lso  been related to 
metamorphic conditions by Liou (1973) and Liou et a l . (1983). However, 
due to the optical v a r ia b il it y  of the epidotes, outlined above, and 
the necessity for precise compositional data a thorough discussion of 
the epidotes is  delayed until Chapter 4. Petrographically epidotes 
were divided into: i )  p istac ite, where they are yellow and pleochroic 
and display second or th ird  order birefringence colours, i i )  c linozo is ite , 
where they are co lourless and disp lay f i r s t  order grey or anomalous 
blue birefringence co lours, and i i i ) zoned epidotes.
A sim plified mineral assemblage map constructed from the observ­
ations re lating to the presence of prehnite; pumpellyite and actino lite  
(Figure 3.2) and a map summarising the petrographic observations for 
the epidotes(Figure 3.3) are included as separate sheets.
3.4. Variation in secondary mineral assemblage
The variation in secondary mineral assemblages and the nature of 
a lteration  can be examined on: i)  the regional scale (that observed 
throughout northern Snowdonia), i i )  the local scale (that observed 
w ithin an individual in tru sion ) and, i i i )  the small scale (that observed 
w ithin a single  thin section).
3.4.1. Regional variation
S ix  potentia lly  d iagnostic secondary mineral assemblages are 
identified  (Figure 3.2) based on the development and association of 
prehnite, pumpellyite and actino lite . The mineral assemblages are:-
i)  prehnite + pumpellyite (without actino lite )
i i )  prehnite +pumpellyite + actino lite
i i i )  prehnite + a ctino lite  (without pumpellyite)
iv) pumpellyite (without prehnite or actino lite )
v) pumpellyite + a ctino lite  (without prehnite)
v i) actino lite  (without prehnite or pumpellyite)
These assemblages approximate to the transit ion  from the prehnite- 
pumpellyite facies (group i ) ,  through the pum pellyite-actinolite facies 
(group v) and into the greenschist facies (group v i) ,  of low-grade 
metamorphism (Turner, 1981).
From Figures 3.2. and 3.3. i t  can be seen that a s ig n if ic a n t 
amount of variation ex ists  in secondary mineral assemblages within 
northern Snowdonia. One pa rticu la rly  clear feature is  the d istribution  
of re la tive ly  "h igher" and "lower" grade assemblages, with the lower
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grade assemblages (prehnite bearing) being present predominantly in 
the northern Conwy Valley. S ign ifican t quantities of prehnite occur 
in the central Conwy Valley, pa rticu la rly  the Cerrig Cochion intrusion. 
However, much of th is prehnite appears to be unstable with the develop­
ment of clouding and diffuse crysta l outlines (Samples 66H and 661), or 
present as part of a d isequilibrium  assemblage (Samples 66C and 66F). 
Typical secondary mineral assemblages for these prehnite bearing samples 
include:-
Chlorite + alb ite + prehnite + pumpellyite + white mica + (actino lite )
chlorite + albite + epidote + prehnite + pumpellyite + sphene.
In addition to these typ ica lly  low-grade prehnite-pumpellyite 
facies assemblages there are samples in which prehnite and actino lite  
are associated, for example:-
Chlorite + albite + epidote + prehnite + pumpellyite + actino lite  + 
white mica + sphene.
Chlorite + albite + prehnite + a c tin o lite  + white mica + sphene.
Prehnites in several of the samples in which prehnite and actino lite  
coexist display evidence of breakdown or are present as part of a 
disequilibrium  assemblage (see Section 3.6). These assemblages might 
reflect s lig h t ly  higher metamorphic grade with the prehnite being 
either a meta-stable, lower grade phase, or present in the highest 
grade part of it s  sta b ility  range where the s ta b ility  f ie ld s  of prehnite 
and actino lite  overlap (Zen, 1974; Schermerhorn, 1975; Schiffman and 
Liou, 1980). Experimental and thermodynamic studies by Zen (1974) and 
Schiffman and Liou (1980) indicate that the stable coexistence of 
prehnite and actinolite  represents the highest grade of sub-greenschist 
metamorphism and occurs over a restricted  P - T range. Most observations 
of coexisting prehnite and a c tin o lite  have been made in areas of
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re la t ive ly  high geothermal gradient.
In the southern and central Conwy Valley prehnite is  only very 
rarely observed (2 samples) with pumpellyite and, particu la rly, 
a c tino lite  becoming the dominant diagnostic secondary phases. Between 
Cerrig Cochion and Moel Siabod actino lite  is  extensively developed with 
only the sporadic development of pumpellyite, and even then only in 
small amounts. Typical secondary mineral assemblages from the central 
Conwy Valley include:-
Chlorite + a lb ite + epidote + actino lite  + sphene + (pumpellyite). 
Chlorite + a lb ite + epidote + actino lite  + sphene + white mica.
The coexistence of a ctino lite  ± minor pumpellyite could re flect 
metamorphism either in the high-grade part of the pum pellyite-actinolite 
facies or low-grade part of the greenschist facies (Schiffman and Liou, 
1980) or the effects of disequilibrium  on the scale of the thin section.
South of Moel Siabod the amount of pumpellyite increases again with 
over h a lf the samples containing some pumpellyite. Actino lite  remains 
an important constituent.
These general observations are broadly consistent with those of 
Roberts (1981) who describes prehnite and pumpellyite bearing assemblages 
in the northern Conwy Valley; dominantly a c tino lite  and c lin ozo is ite  
bearing assemblages in the central Conwy Valley and pumpellyite, epidote 
and actino lite  bearing assemblages in the southern Conwy Valley.
In central northern Snowdonia the dominant assemblages are almost 
exclusive ly  a c t in o lit ic  with only one sample containing any pumpellyite. 
In th is  respect these samples are sim ilar to those of the central Conwy 
Valley.
C linozo isite  is  the dominant epidote in the central Conwy Valley
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(Figure 3.3) with p ista c it ic  epidote well developed in the northern Conwy 
Valley, central northern Snowdonia and the southern Conwy Valley. The 
d istribution  of p ista c it ic  and c linozo isite  epidote does not correlate 
with the d istribu tion  of prehnite, pumpellyite and actino lite , with 
lower grade p ista c it ic  epidote (Liou et a l ., 1983) being associated with 
some of the lowest grade samples (prehnite and pumpellyite bearing) in 
the far north and some of the highest grade (actino lite  bearing) samples 
of the central Conwy Valley and central northern Snowdonia. In the 
southern Conwy Valley the pattern is  further complicated by the presence 
of extensive optical zoning within the epidotes. It  would appear, therefore, 
that no simple petrographic relationship ex ists  between the epidotes and 
the d istribution  of the c rit ica l prehnite, pumpellyite and actino lite  
assemblages.
3.4.2. Local and small-scale variation
In addition to the broad regional variation in the d istribution  of 
secondary mineral assemblages, sign ificant va ria tion  exists within 
individual in trusions. In a ll the intrusions from which a number of 
samples were taken there is  a range in secondary mineral assemblages 
and sub-assemblages,particularly in terms of the diagnostic low-grade 
minerals prehnite, pumpellyite, actinolite  and epidote, and the presence 
of minerals such as ca lc ite , quartz and stilpnomelane. There is  also 
s ign ifican t variation in the nature of a lteration  both on the intrusion 
and hand specimen scale.
Variation in secondary mineralogy within an individual intrusion is  
particu larly  pronounced in the intrusions of the northern Conwy Valley,
Cerrig Cochion and parts of Moel Siabod. The c lose  spatial association 
of a variety of normally diagnostic secondary mineral assemblages is  
problematical. However, an important feature would appear to be the 
greater relative variation in the areas of lowest grade with less
variation in areas of higher grade (Section 3.5. and 3.8).
The epidotes tend to be re la tive ly  consistent on the sm all-scale 
(Figure 3.3) with individual in trusions generally containing op tica lly  
sim ilar epidotes. Moel Siabod is  an exception and appears to display 
a wide range in epidote optics, much of th is v a r ia b ility ,  however, 
reflects epidote zoning.
Occasionally variation  in the nature of alteration can be seen 
within the area of a th in section. Sample 168E provides a clear 
example of th is  with the primary plagioclase having altered to a lb ite  + 
white mica over 25% of the slide  and alb ite  + epidote + pumpellyite 
over the remaining 75% of the slide. C learly th is  heterogeneity in 
the nature of a lteration must represent differences in sm all-scale 
chemistry. Where plagioclase is  a lte ring  to a lb ite  + white mica elements 
such as Ca and A1 must leave the s ite  of a lteration. Where plagioclase 
is  a ltering to a lb ite  + epidote ± pumpellyite the excess Ca and A1 w ill 
be incorporated in the epidote and pumpellyite. However, both these 
phases require the introduction of Fe from an external source into the 
plagioclase site s. I t  is  possible, therefore, that the supply of 
external Fe, which must reflect the breakdown of an Fe-rich phase (ore, 
clinopyroxene,etc), and it s  subsequent transport into the plagioclase 
site , might control the nature of a lteration, so that without a supply 
of Fe into the plagioclase alb ite + white mica w ill develop rather than 
albite + epidote ± pumpellyite.
Two other samples (168B and 168C) d isp lay heterogeneous alteration 
characteristics on the hand specimen scale with the development of 
metamorphic domains (Smith, 1968) that are re la tive ly  richer and poorer 
in chlorite. Other than the proportion of ch lo rite , the main difference 
between the domains is  the quantity o f re lic t  igneous pyroxene with the 
chlorite rich  areas containing re la tive ly  l i t t le  pyroxene. It  would thus
seem possible that the breakdown of pyroxene controls the nature of 
alteration, with the variable breakdown of pyroxene possib ly reflecting 
variation in the passage of f lu id  through the rock. Occasionally, where 
pyroxene does occur in the ch lorite  rich areas of these samples, i t  
appears to be re la tive ly  fresh and does not appear to be heavily altered. 
It  is  possib le, therefore, that there was some orig inal mineralogical 
heterogeneity within the meta-dolerites which has also influenced the 
nature of subsequent alteration.
From the above discussion i t  is  clear that variation in alteration 
on the sm all-scale is  governed by the relative abundance and breakdown 
of primary constituents. Heterogeneity in alteration may reflect 
mineralogical variation within the fresh dolerites, and hence the 
a va ila b ility  of specific  primary phases for alteration, or re lative  
differences in the effects of alteration on the primary constituents, 
which might re flect differences in f lu id  conditions both within and 
between samples.
3.5. Secondary minerals and s ite s  of alteration
The secondary minerals discussed so far have been identified  over 
the area of a standard thin section. However, i t  is  evident that 
alteration is  heterogeneous and often closely reflects the primary 
igneous mineralogy, with individual primary mineral s ite s  containing 
d ist in ct secondary mineral sub-assemblages. Five possible primary 
alteration s ite s  have been identified, viz: clinopyroxene, plagioclase 
feldspar, o liv ine,ore  and in te r s t it ia l,
i ) Clinopyroxene site s
Clinopyroxene is  the only igneous mineral frequently preserved as 
a re lic t  phase (Section 3.2). Only two types of clinopyroxene alteration 
have been observed in northern Snowdonia these being alteration to either
FIGURE 3.4.1. Ep itaxia l overgrowth of amphibole (white) around 
pyroxene (black), sample 168J (Moel Siabod). XP. 
X16.
FIGURE 3.4.2. Pyroxene (dark grey) being replaced by ch lo rite  
( l ig h t  grey) along fractures, sample 167K (Moel 
Siabod). PPL. X100.
FIGURE 3.4.1. Ep itaxia l overgrowth of amphibole (white) around 
pyroxene (black), sample 168J (Moel Siabod). XP. 
X16.
FIGURE 3.4.2. Pyroxene (dark grey) being replaced by chlorite  
( lig h t  grey) along fractures, sample 167K (Moel 
Siabod). PPL. X100.
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actino lite  amphibole or, rarely, chlorite. Almost a ll clinopyroxenes 
display some epitaxial amphibole overgrowth, however, i t  is  rare for 
amphibole to replace the main pyroxene crystal (Figure 3.4.1). In 
contrast, when chlorite replaces pyroxene, replacement is  frequently 
within the pyroxene crysta l along cleavages and internal fractures 
(Figure 3.4.2).
i i ) Plagioclase site s
The o rig ina l igneous calcic plagioclase is  now almost always 
variably a lb it ised  with only rare re lic t  labradorite preserved.
Several patterns of a lteration  can be distinguished within the plagio­
clase s it e s : -  a) replacement of ca lc ic  plagioclase by a lb ite, typ ica lly  
with some white mica (Figure 3.5.1), b) partial or total replacement of 
calcic plagioclase by ch lorite  (Figure 3.5.2), or, c), replacement of 
calcic plagioclase by a lb ite  and hydrous Ca/Al s il ic a te  minerals 
(Figure 3.5.3).
Typ ica lly  alteration of calcic plagioclase is  to a lb ite  plus one 
other secondary phase, o r, occasionally, two other secondary phases, 
so that, fo r example, labradorite a lte rs to a lb ite + pumpellyite, 
albite + prehnite, or a lb ite  + pumpellyite + epidote.
i i i ) O livine sites
Fresh o liv ine  was never observed in the meta-dolerites of northern 
Snowdonia and it s  o rig ina l presence can only be inferred from the 
occasional presence of ch lorite  pseudomorphs (Figure 3.1.4). These 
only occur in the more prim itive samples displaying low FeO*/MgO ratios. 
From the lim ited observations of unequivocal pseudomorphs after o liv ine, 
mainly from Cerrig Cochion and Tal-y-Fan, i t  would appear that o liv ine  
readily breaks down to chlorite. Only about 10% of the meta-dolerites
FIGURE 3.5.1. Twinned a lb itised  plagioclase containing abundant 
white mica flakes, sample 167F (Moel Siabod).
XP. X63.
FIGURE 3.5.2. Plagioclase (white) pervasively veined with ch lorite  
(b lack), sample 73D (Cwm Eigiau). XP. X63.
FIGURE 3.5.3. i)  ( le ft)  a lb it ised  plagioclase (ligh t grey, low 
re lie f )  in pyroxene ( ligh t grey, high re lie f)  
containing abundant pumpellyite (dark grey), 
sample N1 (north of Tal-y-Fan). PPL. X150.
i i )  (right) a lb itised  plagioclase (white) containing 
abundant, anhedral pumpellyite (dark grey), sample 
198C (Dolwyddelan). PPL. X63.
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FIGURE 3.5.1. Twinned a lb itised  plagioclase containing abundant 
white mica flakes, sample 157F (Moel Siabod).
XP. X63.
FIGURE 3.5.2. Plagioclase (white) pervasively veined with chlorite  
(black), sample 73D (Cwm Eigiau). XP. X63.
FIGURE 3.5.3. i)  ( le ft) a lb it ised  plagioclase (ligh t grey, low 
re lie f)  in pyroxene (ligh t grey, high re lie f) 
containing abundant pumpellyite (dark grey), 
sample N1 (north of Tal-y-Fan). PPL. X150.
i i ) (right) a lb it ised  plagioclase (white) containing 
abundant, anhedral pumpellyite (dark grey), sample 
198C (Dolwyddelan). PPL. X63.
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examined appear to have contained enough o rig ina l o liv ine  to be 
recognised after the effects of a lteration to chlorite.
i v ) Ore site s
In Section 3.2. i t  was shown that the ore phase consisted of a 
mixture of ilmenite and magnetite. The ilmenite is  now largely 
altered to sphene w hilst the magnetite appears to have remained 
re la t ive ly  unaltered (Figure 3.1.2).
v) In te rs t it ia l s ite s
The in te rs t it ia l s ite s are both interesting and problematical. 
Texturally they appear to re flect the alteration of in te r s t it ia l,  fine 
grained material, possib ly formed during mesostasis. In some samples 
they account for as much as 20% of the rock.
Invariably these in te rs t it ia l s ite s have been altered to chlorite 
frequently in association with other secondary phases such as epidote 
and actino lite  (Figure 3.1.3) and more rarely, prehnite, pumpellyite 
or stilpnomelane (Figures 3.6.1 and 3.6.2).
In the far north of the Conwy Valley the ch lo r it ic  in te rs t it ia l 
s ite s  also contain prehnite, pumpellyite and, occasionally, epidote.
In addition, a ctino lite  is  only very rarely developed. Further south 
prehnite and pumpellyite are found only in the plagioclase s ite s. In 
these areas a frequent in te r s t it ia l association is  between chlorite, 
epidote (both op tica lly  p ista c it ic  and c lin o zo is it ic  and often optica lly  
zoned) and fine needles of lig h t  green or colourless actino lite . In 
several samples brown stilpnomelane occurs associated with ch lorite  
and epidote in the in te rs t it ia l s ite s  (Figure 3.6.2.).
Occasionally other mineral phases are found in the in te rs t it ia l 
s ite s  including pyroxene; brown amphibole and sphene, they are invariably
FIGURE 3.6.1. In te rst it ia l alteration s ite  containing chlorite  
(white, low re lie f ) ,  epidote (white, high re lie f) 
and abundant pumpellyite (medium grey), sample N1H 
(north of Tal-y-Fan). PPL. X25.
FIGURE 3.6.2. In te rst it ia l alteration s ite  containing chlorite 
(ligh t grey), epidote (white) and stilpnomelane 
needles (b lack), sample 169R1 (Moel Siabod). PPL. 
X63.
FIGURE 3.6.3. 
( le ft)
In te rst it ia l alteration s ite  containing acicular 
actinolite (white) nucleating on minute sphene 
crystals in ch lorite  (black), sample 168J (Moel 
Siabod). XP. X I50.
FIGURE 3.6.4. 
(right)
In te rst it ia l alteration s ite  containing acicular 
actinolite nucleating on a small brown amphibole 
crystal (darker grey) in a ch lo r it ic  mass, sample 
168J (Moel Siabod). PPL. X150.
FIGURE 3.6.1. In te rs t it ia l alteration s ite  containing ch lorite  
(white, low re lie f),  epidote (white, high re lie f)  
and abundant pumpellyite (medium grey), sample N1H 
(north of Tal-y-Fan). PPL. X25.
FIGURE 3.6.2. In te rs t it ia l a lteration s ite  containing ch lorite  
( lig h t  grey), epidote (white) and stilpnomelane 
needles (black), sample 169R1 (Moel Siabod). PPL. 
X63.
FIGURE 3.6.3. 
( le ft)
In te rs t it ia l alteration site  containing acicular 
actino lite  (white) nucleating on minute sphene 
crysta ls in chlorite (black), sample 168J (Moel 
Siabod). XP. X I50.
FIGURE 3.6.4. 
(right)
In te rs t it ia l alteration site  containing acicular 
actino lite  nucleating on a small brown amphibole 
crystal (darker grey) in a ch lo r it ic  mass, sample 
168J (Moel Siabod). PPL. X I50.
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F IGURE 3.6. 
(le ft)
FIGURE 3.6. 
(right)
]. In te rs t it ia l alteration s ite  containing ch lorite  
(white, low re lie f),  epidote (white, high re lie f)  
and abundant pumpellyite (medium grey), sample N1H. 
(north of Tal-y-Fan). PPL. X25.
2 . In te rs t it ia l alteration s ite  containing ch lorite  
( ligh t grey), epidote (white) and s t i 1 pnomelane 
needles (black), sample 169R1 (Moel Siabod). PPL. 
X63.
3 . In te rst it ia l alteration s ite  containing acicular 
actino lite  (white) nucleating on minute sphene 
crysta ls in chlorite (black), sample 168J (Moel 
Siabod). XP. X150.
4_. In te rst it ia l alteration s ite  containing acicular 
actino lite  nucleating on a small brown amphibole 
crystal (darker grey) in a ch lo rit ic  mass, sample 
168J (Moel Siabod). PPL. X150.
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very small. These small c ry sta ls  often form the s ite s  around which 
secondary phases, pa rticu la rly  needles of actino lite  nucleate (Figures
3.6.3. and 3.6.4.). The preferential nucleation of secondary phases 
on these small c rysta ls may occur because of the re la t ive ly  large 
surface area. The presence of pyroxene and brown amphibole within the 
in te rs t it ia l s ite s  provides a further indication that these areas 
represent the products of mesostasis with the late magmatic pyroxene 
and amphibole crysta ls persist in g  as re lic t  phases w ithin a fine grained 
ch lo r it ic  matrix.
3.6. Textural equilibrium
When attempting to assess equilibrium within a system it  is  
important to define the scale over which evidence for equilibrium 
should be sought. Relevant to th is discussion is  the work of i)  Boles 
and Coombs (1977), i i )  Zen (1974), and i i i )  Kawachi (1975), who 
respectively argue that equilibrium  should be investigated a) on the 
scale of a standard thin section, b) between phases no further than 
one m illimeter apart, and c) between phases in actual physical contact. 
C learly  as the scale is  reduced some approach towards equilibrium 
would be expected.
From the petrographic observations it  is  evident that disequilibrium  
e x ists  on the scale of a thin section. This is  most clearly  shown 
through the presence of r e l ic t  igneous phases, pa rticu la rly  clinopyroxene 
and, occasionally, lab radoritic  plagioclase. These minerals formed at 
temperatures far in excess of those prevalent during subsequent meta­
morphism but fa iled  to f u l ly  react under the new pressure, temperature 
and f lu id  conditions.
The presence of op tica lly  zoned epidotes in many of the meta- 
do lerites, particu larly  those of Moel Siabod, again i s  indicative of
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disequilibrium. Continuous zoning from coloured cores to colourless rims, 
such as that observed in northern Snowdonia, re flects the possible growth 
of epidote in the presence of a progressively le ss  Fe-rich flu id . How­
ever, i t  i s  possible that the outer zone of the epidote is  in equilibrium 
with the secondary mineral assemblage with the inner zones being effect­
ive ly iso lated from the metamorphic system. C losely related to th is  is  
the presence of more than one op tica lly  d ist in c t  type of a particular 
phase. In samples 148E and 168G, for example, p ista s t it ic  epidote occurs 
in the plagioclase s ite s  and c lin o z o is it ic  epidote occurs in the inter­
s t it ia l  s ite s.
Several samples contain secondary phases, usually prehnite, 
pumpellyite or epidote, that appear cloudy, contain fine inclusions or 
have spongy, diffuse margins, possib ly indicating some mineral break­
down. Most of the samples d isp laying these features are from the 
re la tive ly  lower grade meta-dolerites of the northern Conwy Valley.
These observations indicate that although disequilibrium  ex ists, the 
system was slowly trending towards equilibrium, however, due to slow 
reaction rates, true textural equilibrium was never fu lly  attained.
F ina lly , the phase rule can be applied, with caution, to low- 
grade metamorphic rocks (Bevins, 1979; Bevins and Rowbotham, 1983).
The presence of re lic t  igneous phases is  a complication as only part 
of the system can be involved in metamorphism, hence the components 
locked in any unaltered phases cannot be involved in the production of 
the secondary assemblage, Jolly (1970). I f  a lb ite , quartz, calcite, 
sphene, white mica and flu id  are assumed to account for Na^O, S i02>
C02, T i02 , K20 and H20 respectively, the system can be represented on 
a tetrahedral A1203 - F e ^  - FMO (FeO, MgO) - CaO plot (Hashimoto, 1972) 
which allows four out of the five phases ch lorite , actino lite, epidote, 
prehnite and pumpellyite to coexist. From Appendix 4 i t  can be seen
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that 92% of the samples contain four (or le ss) of these phases and do 
not, therefore, violate the phase rule. The remaining 8%, however, do 
violate the phase rule as they contain a ll five  phases. Most of the 
samples included in th is  la tte r group are from the northern Conwy Valley 
and display other evidence for d isequilibrium  such as the breakdown and 
clouding of minerals. C learly, therefore, on the thin section scale 
application of the phase rule indicates a degree of disequilibrium.
Application of the phase rule to mineral sub-assemblages developed 
within individual a lteration  s ite s  (Section 3.5), indicates equilibrium 
both within and between s im ila r alteration s ite s on the thin section 
scale with d isequilibrium  occurring only between the mineral sub­
assemblages developed in d ifferent alteration s ite s. For example, in 
Sample 66H the typical sub-assemblage of the in te rs t it ia l s ite s is 
chlorite + epidote + ac t in o lite  w hilst that of the plagioclase s ite s is  
chlorite + pumpellyite + prehnite (with the prehnite showing some 
evidence of in s ta b ility ) .  C learly these sub-assemblages are d istinct. 
Hence only a part of the thin section can be viewed as displaying 
equilibrium or disequilibrium  related not to scale but more to the 
specific s ite  of a lteration. This factor could account for some of 
the regional and local v a r ia b il it y  in secondary mineral assemblages 
apparent within northern Snowdonia.
3.7. The relationship between major element geochemistry and petrography
3.7.1. Geochemical/petrographic responses to metamorphism
From the major element geochemical analyses of Chapter 2 and the 
petrographic observations of th is Chapter three d ist in c t  geochemical/ 
petrographic responses to metamorphism can be recognised:-
i)  elements that have remained immobile because they have been 
retained in refractory phases, for example, P in apatite.
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i i )  elements that have remained e ssen tia lly  immobile on the hand 
specimen scale. Elements d isp laying th is type of response include TiO,,,
MnO, FeO*, MgO and A^O^. Although primary mineral breakdown has 
resulted in element release, c ry sta llisa t io n  of new phases has resulted 
in the reincorporation of these elements in new phases at, or close to, 
the s ite  of a lteration. Spec ific  examples include the retention of Ti 
as ilmenite is  replaced by sphene and the release of Fe and Mg from 
o liv ine  or pyroxene with subsequent reincorporation in the ch lorite  
with which they are replaced
i i i )  elements that have been released during metamorphism and have been 
only p a rtia lly  reincorporated in loca lly  developed secondary phases, 
resu lting in, e ither, local element mobility between d ifferent parts of 
an in trusion, or (potentially) regional element mobility out of an 
intrusion. Elements disp laying th is  sort of response include CaO , Na20, 
and S i02.
The most obvious example of th is kind of response is  that displayed 
by Ca which is  c learly  depleted in many meta-dolerite samples and 
enhanced in others. This might indicate that Ca released during feldspar 
and pyroxene breakdown is  only p a rt ia lly  reincorporated in secondary 
phases at or near the s ite  of alteration. Excess Ca enters the flu id  
and is  subsequently precipitated to produce epidote rich samples 
enriched in Ca (for example, Samples 85B, 85C, 169R1 and 148C). This 
trend can be clearly  seen in the ACF diagram (Figure 3.7) with the 
majority of samples disp laying a varying degree of re lative  Ca depletion 
but with a number of samples c lea rly  disp laying marked Ca enrichment 
(re lative  to fresh basalts). I f  s ign ifican t Ca had le ft  the meta-dolerites 
some evidence might be expected through Ca m ineralisation in the 
surrounding country rocks. No such epidote or calcite m ineralisation is  
observed in northern Snowdonia indicating that l i t t le  Ca has le ft  the
FIGURE 3.7 ACF (A = A1203 + Fe203 - Na20 - K20, C = CaO - 3P205>
and F = FeO + MgO + MnO) for the meta-dolerites from 
the Conwy Valley. A lso shown are the compositional 
f ie ld s for prehnite, epidote, pumpellyite, augite, 
actino lite , chlorite and stilpnomelane.
A
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intrusions.
It  would also appear that Na behaves in a s im ila r fashion to Ca 
on the hand specimen scale, with samples displaying a range of Na values 
from extreme depletion to marked enhancement (re lative  to fresh 
th o le iit ic  basalts). Figure 3.8. shows that much of th is variation in 
Na can be attributed to the breakdown o f an o r ig in a lly  ca lc ic  plagio- 
clase to dominantly a lb ite  (relative Na enrichment), a lb ite  and 
secondary hydrous phases, or chlorite (re lative  Na depletion). The 
different types of alteration possib ly reflect o rig ina l differences 
between intrusions and, particu larly, between samples (Section 3.7.2).
3.7.2. Geochemistry and the bulk a lteration  characteristics
In Section 3.3.1. four types of meta-dolerite were recognised 
based on the abundance of a lb ite, ch lo rite  and epidote. A represent­
ative major element geochemical ana lysis for a sample of each of the 
meta-dolerite types is  presentedinTable 3.A.
Primary magmatic differences between the dolerites can be examined 
through the d istribution of elements such as Ti02 , FeO*, P205 and the 
FeO*/MgO ra tio  (Chapter 2). From Table 3.A. it  would appear that a 
systematic relationship exists between primary geochemistry and 
alteration characteristics with the ch lo rite  rich sample displaying 
re la tive ly  low Ti02 , P205 and FeO*/MgO ra tio , the a lb ite  rich sample 
disp laying re lative ly  high Ti02, P20g, anc* FeO*/MgO ratio  and the 
hydrated sample displaying intermediate geochemical characteristics.
The implication of th is  observation i s  that the a lb ite  and chlorite rich 
samples represent re la tive ly  more and le ss  fractionated primary dolerite 
respectively, so that original differences in the degree of fraction­
ation have influenced the nature of subsequent alteration. The bulk 
alteration characteristics are plotted against the FeO*/MgO differentiatiom ndex
FIGURE 3.8 CaO vs ^ £ 0  and the alteration characteristics of the 
Conwy Valley meta-dolerites.
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FIGURE 3.9. Meta-dolerite alteration characteristics vs the 
FeO*/MgO ratio.
4  n
Chloritic Sub- H yd ra ted  Sub- Albitic Epidotic 
Chlori t ic  A lb it ic
Bulk a lte ra t ion  charac te r is t ics
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in Figure 3.9. where broad correlation appears to exist. The general 
relationships of Figure 3.9. a re :-
FeO*/MgO ratio < 1 . 0  - chlorite rich samples.
Fe0*/Mg0 ratio 1.0 - 2.0 - hydrated samples.
Fe0*/Mg0 ratio  > 2.0 - alb ite rich samples.
No systematic relationship ex ists between the Fe0*/Mg0 ra t io  and 
the development of epidote rich samples. In Table 3.A. the geochemical 
characteristics of the epidote rich  sample are very sim ilar to those of 
the hydrated meta-dolerite sample, again indicating that there is  no 
primary geochemical control on the development of epidote r ich  samples.
The relative geochemical effects of different types of a lteration 
can be seen through the d istribu tion  of the more mobile elements in 
Table 3.A. particu larly  elements such as Na20 and CaO. The clearest 
example of the influence of metamorphism on geochemistry occurs in the 
epidote rich sample where there has been extreme CaO enrichment relative 
to the other samples.
It  would appear that differences in the composition of the 
original dolerite, reflecting variable fractionation, have influenced 
the nature of subsequent alteration with the more fractionated samples 
altering to albite rich meta-dolerites and the less fractionated samples 
altering to chlorite rich meta-dolerites (relative to the typical 
hydrated meta-dolerite). Epidote rich meta-dolerites develop where there 
has been sign ificant enrichment of Ca during metamorphism and their 
development is  not related to primary compositional control.
3.7.3. Geochemistry and specific  mineral phases
In addition to the relationsh ips outlined above, two spec ific  
geochemical - mineralogical associations ex ist; i)  an association
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between the presence of stilpnomelane and high FeO*/MgO ra tio s (for 
example, in Samples NIG, NIK, 141C, 141D, 85B, 168R1 and 179C). The 
development of stilpnomelane in more fractionated rocks was o r ig in a lly  
described by Kawachi (1975). More recently Bevins and Rowbotham (1983) 
have drawn attention to th is  re lationsh ip  in metamorphosed, fraction ­
ated, basic and intermediate rocks from Wales, and, i i )  an association 
between low Fe0*/Mg0 ratio  and the presence of ch lorite  pseudomorphing 
after olivine. This re lationsh ip  re flects the removal of o liv in e  from 
the magma at an early stage, hence it s  presence in only the least 
fractionated samples more especia lly  from Cerrig Cochion and Tal-y-Fan.
From the above discussion it  is  clear that stilpnomelane occurs 
preferentially in the a lb ite  rich meta-dolerite samples and ch lorite  
pseudomorphs a fte r  o liv ine  in the ch lorite  rich meta-dolerite samples 
representing the most and least fractionated samples respectively.
3.8. Discussion
3.8.1. Bulk a ltera tion  characteristics
Comparison of the meta-dolerites from the Conwy Valley and low 
grade alteration of basic rocks in other areas reveal several in terest­
ing s im ila r it ie s .  Figures 3.10.1. and 3.10.2. are ACF diagrams taken 
from Smith (1968) and Cann (1969).respective ly, and demonstrate the 
chemical variation  observed in "altered basic lavas", and“sp il it ise d  
basalts". The "o r th o sp i l it e ", "bulk pillow lava" and "haya losp ilite " 
(Cann, 1969), and the " s p i l i t i c  trend" (Smith, 1968) appear to correspond 
to the albite r ich , hydrated and ch lorite  rich meta-dolerite samples of 
northern Snowdonia, w hilst the trend of Smith (1968) towards "dim ineralic 
assemblages" corresponds to the Ca enriched, epidote rich samples of 
northern Snowdonia. Cann (1969) relates these trends to d ifferentia l 
alteration between the more prim itive, glassy, pillow  rims and less
FIGURE 3.10.1. ACF diagram from Smith (1968) showing a sp i1it ic  
and a dimineralic alteration trend.
FIGURE J M -  ACF diagram from Cann (1969) showing the effects 
of sp i1itisation  on an o rig ina l basalt (B).
0 = orthospilite, P = bulk p illow  lava, H = 
hayalospilite.
«pt#
61.
prim itive, c ry sta llin e , pillow cores.
The dim ineralic trend is  typified by extreme local enrichment of 
CaO and has been frequently observed in low/medium grade, metamorphosed 
basic rocks, (Smith, 1968; M iyashiro et a l ., 1971; Humphris and Thompson, 
1978) but remains a problem in that there appears to be no simple 
correlation between orig inal chemistry and alteration. Miyashiro et al. 
(1971) relate the sporadic development of epidote rich domains to 
loca lly  high oxygen pressures indicated by high contents and 
FeO ratios. Local variation in oxygen pressure could be governed by 
factors such as fracturing, jo inting, permeability of the system, 
flu id  chemistry, etc. In northern Snowdonia no clear relationship 
between the development of epidote rich meta-dolerite samples and 
features such as jo in ting  and fracturing was observed. However, a ll 
the epidote rich samples occur well inside the meta-dolerite s i l l s  and 
display sharp contacts with the surrounding, more characteristic, 
hydrated meta-dolerites. It  is  possible that the epidote in these 
samples has preferentia lly nucleated beneath re la tive ly  less permeable 
layers within the intrusions.
3.8.2. The nature of metamorphism
In Section 3.6. i t  was shown that on the thin section scale a 
large degree of petrographic disequilibrium  exists within the meta- 
dolerites, particu la rly  between mineral sub-assemblages developed in 
different alteration sites.
I f  secondary mineral sub-assemblages from specific  alteration sites 
are considered the complex petrographic pattern apparent within northern 
Snowdonia can be sim plified. Prehnite and pumpellyite occupy both the 
in te rs t it ia l and plagioclase s ite s only in the far north of the Conwy 
Valley, any prehnite or pumpellyite identified from the central and
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southern Conwy Valley occurs only in the plagioclase s ite s. C learly 
the microchemical environment of the in te r s t it ia l s ite s is  suitable 
for prehnite and pumpellyite development so that i t  is  possible that 
the metamorphic conditions were such that south of Tal-y-Fan prehnite 
and pumpellyite either only formed in the plagioclase s ite s ,  or formed 
in the in te rst it ia l s ite s but were subsequently replaced by the higher 
grade, chlorite + epidote + actino lite  sub-assemblage. Secondary 
mineral assemblages defined on the basis of observations on a whole 
thin sectionmaybe misleading in that petrographic disequilibrium  
frequently occurs at th is scale. It  would appear, therefore, that a 
more re a lis t ic  approach in low-grade metamorphic rocks is  to examine 
secondary mineral sub-assemblages developed w ithin specific  alteration 
sites rather than the total mineral assemblage displayed by the whole 
thin section (Jo lly, 1970). This type of approach is  considered normal 
when investigating, for example, the incip ient metamorphism of c la stic  
sediments where the cement material has preferentia lly  responded to 
increased pressures and temperatures (Kisch, 1983a).
From the petrographic observations and the above discussion some 
tentative suggestions concerning metamorphic conditions can be made.
The far north of the Conwy Valley appears to have experienced generally 
lower grade conditions than the rest of northern Snowdonia, probably 
within the prehnite-pumpellyite facies. Further south there is  often 
conflicting petrographic evidence reflecting contrasting secondary 
mineral sub-assemblages developed in different a lteration s ite s. The 
occasional presence of a lower grade pumpellyite bearing sub-assemblage 
in the plagioclase site s and the frequent occurrence of the higher 
grade actinolite  bearing sub-assemblage in the in te rs t it ia l s ite s  might 
indicate that two phases o f metamorphism are recorded. The presence of 
"re lic t " lower grade sub-assemblages in the plagioclase s ite s might
reflect slower reaction rates within these s ite s  (relative to the inter­
s t it ia l s ite s). The two apparent phases of metamorphism could reflect 
different stages of the same general metamorphic event with the plagio- 
clase site  sub-assemblage simply reflecting an earlie r stage, and the 
in te rst it ia l s ite  sub-assemblage a later stage, of a continuous prograde 
metamorphic event. This interpretation might be supported by the presence 
of numerous continuously zoned epidotes in the in te rs t it ia l s ite s and 
the presence of amphibole needles overgrowing chlorite  and epidote within 
the in te rs t it ia l s ite s.
Further discussion of the petrographic observations is  withheld 
until the next chapter where the petrographic data is  quantitatively 
supported by secondary phase compositional data.
3.9. Concluding remarks
From the detailed observations, of secondary mineral assemblages 
and the nature of a lteration, on 190 meta-dolerites from northern 
Snowdonia several conclusions can be tentatively drawn.
The primary mineralogy of the meta-dolerites appears to have been 
augitic pyroxene + labradoritic plagioclase + ilmenite/magnetite ± 
olivine. In addition, a ll samples contain in te rs t it ia l areas that are 
now largely ch lo rit ised  and probably represent the products of late 
magmatic c ry sta llisa t io n .
The general alteration characteristics of the meta-dolerites appear, 
in part, to re flect the orig ina l composition of the dolerites with the 
least fractionated samples being characteristica lly  chlorite rich and 
the most fractionated being a lb ite  rich. Epidote rich samples do not 
appear to reflect orig inal chemical differences, rather the effects of 
local Ca enrichment within the dolerites during low-grade metamorphism.
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Regional and local variation in secondary mineral assemblages is  
marked. Lower grade (prehnite bearing) assemblages are concentrated in 
the northern Conwy Valley with higher grade (actino lite  bearing) 
assemblages being concentrated in the central and southern Conwy Valley 
and central northern Snowdonia. A s ign if ican t increase in the amount 
of pumpellyite present in the fa r south of the Conwy Valley might 
indicate s lig h t ly  lower grade, re la tive  to the central Conwy Valley.
Extensive petrographic disequilibrium  on the thin section scale 
suggests that the concept of equilibrium , as applied to high-grade 
metamorphic rocks, is  inappropriate for low-grade rocks. Equilibrium 
appears to occur between s im ila r alteration site s within a thin section, 
but not necessarily between the d ifferent types of alteration site.
This inter-a lteration site  variation  in sub-assemblages is  thought to 
reflect the slow reaction rates at these low grades and might be related 
to the preferential passage of f lu id  through in te rs t it ia l s ite s and 
the increased suscep tib ility  of m icrocrystalline in te rs t it ia l material to 
the processes of alteration.
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CHAPTER 4
MINERAL FORM AND CHEMISTRY
4.1. Introduction
Electron microprobe analysis of the mineral chemistry has been 
undertaken on 17 samples from the Conwy Valley. As far as possible a ll 
mineral phases present within a sample have been analysed. However, 
occasionally phases were present only as isolated small grains which 
proved impossible to probe. Analyses were performed on a Geoscan Mk I I  
or a Cameca (Camebax) electron microprobe at the University of Manchester 
and a Geoscan I I  electron microprobe at the University of Cambridge.
A ll but one of the 17 samples are from the Conwy Valley meta- 
dolerites, the exception being a sample of pegmatitic d io rite  from the 
Penmaenmawr intrusion. C rite ria  governing sample selection included:
i) geographical d istribu tion  - samples were chosen to provide represent­
ative cover throughout the Conwy Valley in order to investigate any 
systematic variation in mineral chemistry within the Valley, i i )  the 
presence of petrographically interesting secondary mineral assemblages 
and features such as zoning, optical variation within individual 
secondary phases, mineral reactions, etc., and i i i )  the a va ilab ility  of 
bulk rock geochemical data in order that the effects of host rock 
composition on secondary mineral chemistry can be precisely quantified.
The 16 meta-dolerites a ll have major element geochemical data available, 
the Penmaenmawr d io rite  lacks geochemical control. Sample locations are 
listed in Appendix 2 ( i) .
The aims of the mineral chemistry analysis include:-
i)  c r it ic a l analytical assessment of the petrographic observations, 
such as the quantification of the frequently observed zonation in epidote, 
precise chemical differences between optica lly  different epidotes in
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contrasting alteration s ite s, chemical differences between epitaxial 
amphibolesand acicular amphiboles nucleating away from clinopyroxenes.
i i )  Determination of any systematic chemical variation in specific  
minerals between samples from d ifferent parts of the Conwy Valley. This 
data can then be used together with the geochemical analysis in an 
attempt to assess the importance of bulk rock chemistry in contro lling mineral 
chemistry.
i i i )  An assessment of any approach towards chemical equilibrium in the 
meta-dolerites.
iv) Use of the mineral chemical data and petrography to determine the 
parameters and h istory of metamorphism in northern Snowdonia.
v) Use of the clinopyroxene data to determine the magmatic a f f in it ie s  
of the fresh dolerites.
4.2. Re lict igneous phases
4.2.1. Clinopyroxenes
A total of 65 analyses have been obtained from the 16 meta-dolerite
samples (16 clinopyroxene analyses are presented in Appendix 5). Clino-
pyroxene recalculations are on the ba sis  of 6 oxygens in a general
2+ 3+
formula of X-|_p Y^+p where X = Ca and Na, Y = Mg, Fe , Fe ,
A1V1 and T i , Z = Si and A11V and P = 0-1 (Deer et a l.,  1962). Tetra­
hedral s ite s are f il le d  with Si and A l , excess Al i s  allocated to the 
octahedral sites. The clinopyroxenes are plotted on a Di - Hd - En - Fs 
compositional diagram (Figure 4.1). Most of the clinopyroxenes fa ll 
within the augitic f ie ld  of Poldervaart and Hess (1957). I t  is  clear 
that l i t t le  chemical variation ex ists within the clinopyroxenes of the 
Conwy Valley. The main variation is  in Mg and Fe with clinopyroxenes 
from samples 169R3, Nik and T13 being re la tive ly  Fe-rich compared to
FIGURE 4.1
FIGURE 4.2
Composition of clinopyroxenes from the Conwy 
Valley on the Di - Hd - En - Fs diagram of 
Poldervaart and Hess (1957).
A12O3 vs Si02 for clinopyroxenes from the Conwy 
Valley. Mon-alkaline, alkaline and per-alkaline 
fie ld s from Le Bas (1962).
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those from other samples. This variation is  thought to reflect 
differences in the degree of fractionation with the more Fe-rich 
clinopyroxenes occurring in the more differentiated dolerites. The 
compositional trends for pyroxenes from the Skaergaard intrusion,
Shiant Is le s  S i l l  and Shonkin Sag lacco lith  reflecting a tho le iite  
intrusion, a moderately undersaturated intrusion and a strongly under­
saturated alkaline in trusion, respectively, are also shown. Many of 
the Mg-rich clinopyroxenes appear to c luster close to the Shiant Is le s  
trend. There is  no consistent Ca depletion with fractionation typical 
of the Skaergaard trend and s im ila r to that observed in the Llanwnda 
intrusion, South Wales (Bevins, 1979). The Conwy Valley clinopyroxene 
compositions are very sim ila r to those from Y Garn, Llech Dafad and 
Tresessylt, South Wales (Bevins, 1979), disp laying s lig h t Ca depletion 
with fractionation and taken to re flect equilibrium c ry sta llisa t io n  of 
clinopyroxene from a th o le iit ic  parent magma.
Le Bas (1962) used clinopyroxene compositions to determine magmatic 
a ff in ity . In Figure 4.2. the Conwy Valley clinopyroxenes are plotted 
on a S i02 - A^Og discrim ination diagram. C learly there is  marked 
variation, however, the overall d istribu tion  is  consistent with c lino - 
pyroxene precipitation from a non-alkaline parental magma as over 80% 
of the analyses fa ll in the non-alkaline f ie ld  of Le Bas.
4.2.2. Plagioclase feldspar
Most of the plagioclase feldspar in the Conwy Valley has suffered 
extensive a lb it isa t io n . However, plagioclase feldspar from samples 
66A and 661 y ie ld  labradoritic  compositions (An^g_gg). These analyses 
are thought to re flect the composition of the original igneous feldspar 
crysta llised  in equilibrium with the augitic  pyroxene. The remaining 
plagioclase analyses a ll y ie ld  low An contents (A r^gg) reflecting the
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effects of variable metamorphic a lb it isa tion . These feldspars are 
discussed more f u l ly  in Section 4.3.9.
The remaining primary constituents (ore, o liv in e  and the in te rst­
it ia l products of mesostasis) are a ll pervasively altered (Section 3.2).
The re lic t  igneous phase chemistry supports the geochemically 
deduced conclusion that the meta-dolerites of the Conwy Valley represent 
metamorphosed, va riab ly  differentiated th o le iit ic  s i l l s .
4.3. Secondary phases
4.3.1. Pumpellyite
Pumpellyite has been recognised in 65 samples of meta-dolerite 
from northern Snowdonia (Figure 4.3.1). A variety of characteristic 
pumpellyite forms have been recognised includ ing:-
i) discrete minute needle or la th like  c rysta ls of anhedral masses 
developed within a lb it ised  plagioclase feldspar.
i i )  isolated minute crysta ls in the groundmass associated with 
chlorite, a lb ite  and epidote.
i i i )  re la tive ly  large (0.1 mm) subhedral or euhedral c ry sta ls in the 
in te rst it ia l a lteration  site s often associated with chlorite  and epidote.
iv) large (0.3 mm) subhedral crysta ls associated with prehnite and 
epidote in the Penmaenmawr d iorite  intrusion.
v) small iso lated radiating "wheels" of dark green c rysta ls.
Of these only i - i i i  are frequently observed, iv  and v being 
restricted to a s in g le  intrusion (the Penmaenmawr d iorite ) and a single  
sample (T13) respectively.
Optically the pumpellyites are d istinctive  although rather variable.
FIGURE 4.3.1. Pod of pumpellyite crysta ls (green) in the 
Penmaenmawr meta-diorite,sample 35G. PPL. 
X35.
FIGURE 4.3.2. Large fan of prehnite, displaying second order 
birefringence colours, within the Penmaenmawr 
meta-diorite, sample 35G. XP. X35.
tltoft*
Pod of pumpellyite c ry s ta ls  (green) 
Penmaenmawr meta-diorite,sample 35G.
X35.
in the 
PPL.
Large fan of prehnite, d isp lay ing second order 
b i>efringence colours, within the Penmaenmawr 
meta-diorite, sample 35G. XP. X35.

Most frequently pumpellyites are lig h t to dark green in colour and 
display marked pleochroism with a = pale green, B = green and y = 
colourless, occasionally the 6 pleochroic colour is  a blue-green. In 
the southern Conwy Valley d ist in ctive  yellow/fawn pumpellyite occasion­
a lly  occurs (with a = pale yellow, e = yellow/fawn and y = colourless) 
together with the more typical green pumpellyite. No colourless 
pumpellyite has been recognised in northern Snowdonia. Interference 
colours are invariab ly anomalous giving varieties of crimson and deep 
blue.
Pumpellyite colour is  related to composition, particu la rly  Fe 
content, with a progressive decrease in colour in tensity  as Al/Fe 
increases (Coombs, 1953; Surdam, 1969; Coombs et a l. ,  1976). Where 
pumpellyites of d ifferent forms are present no systematic differences 
in optical properties are apparent. In sample 168G, where green and 
yellow pumpellyites coexist, they both occur as spongy masses in 
a lb itised plagioclase feldspars.
There have been 54 pumpellyite analyses obtained from 10 samples 
taken throughout the Conwy Valley (24 analyses are presented in Appendix 
5). Pumpellyite recalculations are after Coombs et al. (1976) who use 
a pumpellyite formula of W4 X2 Y4 Zg 0(2Q+xl)  0H(8_xl ) ;  where W =
Ca and Mn, X = (Mg, Fe2+, Mn)2_xl (Fe3+, A l)xl ,  Y = Fe3+ and A l , and 
Z = Si (+A1).
Manganese was detected in only 4 of the analyses. The oxidation 
state of iron is  unknown, recalculation assumes that a ll iron is  ferrous. 
Passaglia and Gottardi (1973), using wet chemical ana lysis, show that 
(Mg + Fe + Mn) in the X s ite s  typ ica lly  varies between 0.71 and 1.55 
(the remaining X s ite s being occupied by A l). In the Conwy Valley 
pumpellyites (Mg + Fe2+ + Mn) ranges from 1.08 - 1.91 implying that 
sign ificant but highly variable amounts of Fe3+ occur, presumably
substituting for A1 in the X (and Y) s ite s .  Surdam (1969) describes 
Fe3+ bearing pumpellyites from Vancouver Island  and relates the high 
Fe3+ content to low confining pressures. At high confining pressures 
Fe3 p referentia lly  enters coexisting stilpnomelane, epidote or chlorite. 
Schiffman and Liou (1980) show that high pressures favour the develop­
ment of A l-r ich  pumpellyite and low pressures favour the development of 
Fe-rich pumpellyite.
Within the Conwy Valley pumpellyites,marked variation exists in 
A1, Fe and Mg both between analyses from the same sample and between 
samples. In tra -c rysta l variation in composition was not rigorously 
examined because most of the pumpellyite c ry sta ls  are very small and 
numerous analyses on a single  crystal were not practicable. The 
variation in pumpellyite chemistry within a sample does not appear to 
be systematic and is  not related to differences in mode of occurrence, 
mineral form or s ite  of a lteration. The chemical variation displayed 
by pumpellyites from the Conwy Valley is  c le a r ly  seen in Figures 4.4.1. 
and 4.4.2. where FeO* (total iron as FeO) i s  plotted against Al^O^ for 
individual analyses and bulk intrusion data respectively. Also shown 
are the pumpellyite compositional f ie ld s  from Vancouver Island (Surdam, 
1969), Upper Wakatipu (Kawachi, 1975) and Loeche (Coombs et a l ., 1976).
The Conwy Valley pumpellyites fa ll into two d ist in c t groups, those from 
the meta-dolerites and those from the Penmaenmawr intrusion. Within the 
meta-dolerite pumpellyites there does appear to be a small increase in 
Fe content from south to north in the Conwy Valley with one exception 
being pumpellyite from the Moel Ddefaid in trusion. The more Fe-rich 
pumpellyites from the Penmaenmawr intrusion may be either a continuation 
of th is trend o rre fle c t the unique local chemistry of the vein. The 
pumpellyites are plotted on an AFM diagram (Figure 4.5) with the 
compositional f ie ld s  of pumpellyites from Vancouver Island. Upper Wakatipu,
FIGURE 4.4.1. FeO(t) vs AT203 for pumpellyite from the Conwy Valley.
Also shown are the compositional f ie ld s of pumpellyite 
from Vancouver Island (Surdam, 1969), Upper Wakatipu 
(Kawachi, 1975) and Loeche (Coombs et a l. ,  1976).
-F1 GURE 4.4.2. Mean FeO(t) vs A l203 for pumpellyites from individual 
meta-dolerite samples from the Conwy Valley. The 
cross represents one standard deviation for FeO(t) 
and A1203 .
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Loeche and the Welsh basin (Bevins and Rowbotham, 1983) shown. Comparison 
of the compositional data for pumpellyites from the Conwy Valley with that 
of Bevins and Rowbotham (1983) from throughout the Welsh basin indicates 
that the Conwy Valley samples represent the re la tive ly  more aluminous 
pumpellyites of the Welsh basin. None of the particu la rly  Fe-rich 
varieties typical of, for example, Bui 1th Wells occur within the Conwy 
Valley. Pumpellyites from the Conwy Valley meta-dolerites plot close to 
those from Upper Wakatipu (Zone I I I )  and Loeche which are thought to be 
typical of the pum pellyite-actinolite facies (Kawachi, 1975; Coombs et 
a l.,  1976). Pumpellyites from the Penmaenmawr intrusion plot close to 
those from Upper Wakatipu (Zones I and I I )  and Vancouver Island and are 
thought to be typical of the prehnite-pumpellyite facies (Surdam, 1969).
Several workers have observed a progressive increase in pumpellyite 
Al/Fe with increasing metamorphic grade (Bishop, 1972; Kawachi, 1975;
Liou et a l ., 1983). Others have argued that host composition plays a 
c r it ic a l role in the control of pumpellyite chemistry (Coombs et a l.,
1976; Offler et a l ., 1981; Nystrom, 1983). In order to assess the 
importance of bulk rock effects on the hand specimen scale Fe/Mg vs 
FeO*/MgO, Al/Fe vs Al^O^/FeO* and Fe vs FeO* (where FeO* = total iron as 
FeO) are plotted for pumpellyites and host rocks (Figures 4.6.3., 4.6.2. 
and 4.6.1. respectively). Clearly only the Fe/Mg ratio  (Figure 4.6.3) 
d isplays any s ign if ican t re lationsh ip between bulk rock chemistry and 
pumpellyite composition. It  would appear, therefore, that relative 
location within the Conwy Valley, rather than host rock chemistry, is  
the major contro lling influence on Al : Fe in pumpellyite. These 
observations might support the view that variation in pumpellyite 
chemistry is  influenced by metamorphic parameters (pressure, temperature, 
f lu id  chemistry, etc) as well as host rock chemistry.
FIGURE 4.6.1. Pumpellyite Fe vs bulk rock FeO* (total iron as
FeO)
FIGURE 4.6.2. Pumpellyite Al/Fe vs bulk rock A^Og/FeO* (total 
iron as FeO).
FIGURE 4.6.3. Pumpellyite Fe/Mg vs bulk rock FeO*/MgO (total 
iron as FeO).
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4.3.2. Prehnite.
Prehnite has been recognised in 56 samples of meta-dolerite from 
northern Snowdonia (Figure 4.3.2). Three characte ristic  forms of 
prehnite occur:-
i)  fans or patches of small crysta ls occurring in the groundmass, 
the in te rs t it ia l alteration s ite s or occasionally in a lb it ised  feldspars.
i i )  minute flakes scattered throughout the groundmass or, more 
commonly, within a lb it ised  feldspars. Often these flakes are d if f ic u lt  
to d istingu ish  from white mica due to the small grain size and super­
f ic ia l ly  s im ila r optical characteristics.
i i i )  re la tive ly  large (0.3mm) fans or subhedral crysta ls associated 
with pumpellyite and epidote in the Penmaenmawr intrusion.
Under the microscope the prehnites are invariab ly  colourless and 
generally very clear and inclusion free. The larger fans and crysta ls 
display the incomplete and wavy extinction typ ical of the mineral (Deer 
et a l ., 1962). Maximum interference colours are second order and no 
anomalous purple or blue interference colours were observed (Surdam, 
1969). In the minute prehnite flakes extinction is  parallel and maximum 
birefringence is  lower second order.
There have been 32 representative prehnite analyses made on 8 
samples mainly from the northern Conwy Valley but the analyses do include 
two prehnite flakes from Moel Siabod (16 of these prehnite analyses are 
presented in Appendix 5). The basic formula o f prehnite is  Ca£ (Al,Fe)
(Al S ig ) 01 g (OH)  ^ (Liou et a l ., 1983). Substitution of Ca^ Fe^+ Al Si^ 
0-|q (OH)^ for Ca^ A ^  Si^ 0-jq (OH^ is  generally less than 10% but 
occasionally is  up to 20% and very rarely can be as high as 40% (Surdam, 
1969). The Conwy Valley prehnites show l it t le  compositional variation
and are aluminous containing l i t t le  or no Fe3+. Prehnites from sample
FIGURE 4.7. Ca - A l- Fe diagram for prehnites from the Conwy 
Valley. Also shown is  the compositional f ie ld  
of prehnite from Vancouver Island (Surdam, 1969) 
and a prehnite analysis from Upper Wakatipu 
(Kawachi, 1975).
FIGURE 4.8. A histogram showing the Fe^+/Fe^+ + Al X 100 contents 
of prehnites from the Conwy Valley. Fr
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T13 are exceptional and disp lay about 19% Fe3+ substitution for A1.
This is  demonstrated on an ACF plot (Figure 4.7) and a histogram 
(Figure 4.8). Comparison of the prehnite compositonal data of the 
Conwy Valley with that obtained by Bevins and Rowbotham (1983) from 
throughout Wales indicates that most Welsh prehnite contains l i t t le  
Fe3+. Only prehnite from the peripheral parts of the Welsh basin contain 
s ign if ican t Fe3+, for example, Bui 1th Wells (25% substitution of Fe3+ 
for A1) and Anglesey (17% substitution of Fe3+ for A l). Elsewhere sub­
stitu tion  of Fe3+ for Al is  < 10%. Liou et a l . (1983) conclude that 
the Fe3+/Al ratio  of prehnite is  dependent on pressure, temperature and 
fO^ with more aluminous prehnites indicating higher temperatures and/or 
less o x id is ing  conditions.
4.3.3. Epidote
Epidote minerals (c lino zo is ite  and epidote) have been recognised in 
159 of the meta-dolerites from northern Snowdonia (Figures 4.9.1.,
4.9.2. and 4.9.3). Several characteristic  forms of epidote occur:-
i)  id io b la st ic  c ry sta ls  associated, and in textural equilibrium, with 
chlorite  ± actino lite  in the in te rs t it ia l a lteration site s.
i i )  small subhedral crysta ls or anhedral spongy masses within the 
groundmass, often the spongy epidotes are cloudy.
i i i )  frequently cloudy, yellow or brown subhedral or anhedral epidotes 
within a lb it ised  feldspars.
iv) large (> 0.3 mm) subhedral/euhedral c ry sta ls developed prevasively 
in epidote-rich meta-dolerites irrespective of alteration s ite  and 
associated with a lb ite  + ch lorite  ± actino lite  ± stilpnomelane.
v) in veins associated with prehnite and pumpellyite in the Penmaenmawr
intrusion.
FIGURE 4.9.1. Pi staci t ic , prismatic epidote in an epidote rich 
meta-dolerite, sample 85C (Cwm Eigiau). XP. X35.
FIGURE 4.9.2. C lino zo is it ic  epidote, d isp laying characteristic
blue birefringence colours, associated with ch lorite  
in an in te rst it ia l alteration s ite , sample 66L 
(Cerrig Cochion). XP. X35.
FIGURE 4.9.3. Continuously zoned epidotes from re la tive ly  Fe-rich 
core to Fe-poor rim, sample 168F (Moel Siabod). XP. 
X85.
FIGURE 4.9.1. Pi staci tic, prismatic epidote in an epidote rich 
meta-dolerite, sample 85C (Cwm Eigiau). XP. X35.
FIGURE 4.9.2. C lin o zo is it ic  epidote, displaying characteristic 
blue birefringence colours, associated with ch lorite  
in an in te rst it ia l alteration site , sample 66L 
(Cerrig Cochion). XP. X35.
FIGURE 4.9.3. Continuously zoned epidotes from re latively Fe-rich 
core to Fe-poor rim, sample 168F (Moel Siabod). XP.
X85.

Optically the epidotes are quite variable, ranging from a markedly 
pleochroic (a = colourless, 6 = lig h t  yellow, y = yellow) through a
s lig h t ly  pleochroic (a = co lourless, e = co lourless, y = l ig h t  yellow) 
to a colourless variety. Epidote colour re flects the replacement of A1 
by Fe3 (Deer et a l ., 1962) where the depth of colour re flects a greater 
substitution of Fe3+ for A l . Frequently zoning is  present with the cores 
being more strongly coloured (Fe-rich) than the rims. In addition they 
are often cloudy and are then brown or grey in colour, which could 
indicate alteration of these epidotes. It  would appear that Fe-rich 
epidotes are more prone to a lteration  with the cores of zoned crysta ls 
cloudy and the rims clear. Chemical zoning can be detected by the 
change of interference colours and s lig h t  differences in extinction 
angle. Optically there is  no sharp break between Fe-rich cores and 
Fe-poor rims indicating that most of the zoning is  continuous.
There have been 128 epidote analyses obtained including several 
traverses across individual zoned crysta ls (40 of the epidote analyses 
are presented in Appendix 5). Epidote formula recalculations have been 
made on a basis of 12.5 oxygens (Coombs et a l ., 1976) in a structural 
formula of X2 Y3 Z3 (0, OH, F )3 ; where X = Ca and Fe2+, Y = A l , Fe3+,
Mn and T i, and Z = Si (Deer et a l ., 1962). There is  s ign if ican t 
variation in Al and Fe contents with a good negative correlation (r = -.97) 
between the two suggesting substitu tion  of one for the other. The 
relationship between optical properties and epidote chemistry in the Conwy 
Valley was readily confirmed with the transit ion  between optical "c lin o - 
z o is it ic "  and "p is ta c it ic " epidotes occurring at about Fe3+/Fe3+ + Al X 
100 = 18 - 20. The most frequently observed maximum p ista c it ic  (Ps) 
content (Fe3+/Fe3+ + Al X 100) i s  about 33%. In the lite ratu re  there 
have been analyses recorded with up to 40% Ps content (Liou et a l.,  1983). 
The range of Ps substitution has been calculated for the Conwy Valley
FIGURE 4.10. Histograms showing the Ca^ Fe^ Si^O-^ (OH) content 
(Ps) of epidotes from: i)  throughout the Conwy 
Valley, i i )  the northern Conwy Valley, i i i )  the 
Cerrig Cochion intrusion, and, iv) the Moel 
Siabod intrusion.
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epidotes (Figure 4.10) and clearly  there is  a large range in Ps content
( 7 - 3 9 / )  with two maxima, one around Ps-iq ic and a second around Ps„_
u - io  29-31’
The Ps contents of epidotes from the intrusions of the northern Conwy 
Valley, Cerrig Cochion and Moel Siabod are also shown separately 
(Figure 4 .10 ).In support of the optical observations s ign ifican t and 
systematic variation in Ps content is  seen within the Conwy Valley.
In several samples marked chemical zoning occurs (Figure 4.11). In 
a ll but one example the zoning is  from re la tive ly  Fe-rich core to Fe-poor 
rim and is  continuous in nature. When probing zoned crystals there may 
be d iff ic u lty  in obtaining a true core composition as the thin section 
may cut the crystal some distance from the true core and thus y ie ld  only 
apparent core compositions. This problem is  largely overcome by careful 
choice of crystal and traversing several zoned crysta ls in a sample.
The change in chemistry from core to rim is  usually 2 - 5% Ps but in one 
sample from Moel Siabod (168F) i t  is  much greater (15% Ps).
Two samples (148E and 168E) contain epidotes which have markedly 
different compositions in different alteration site s. Both samples 
contain cloudy, brown, Fe-rich epidote ( Ps > 25%) in the plagioclase 
sites and clear, idiomorphic, Fe-poor epidote (Ps < 20%) in the in te r­
s t it ia l s ite s. This re lationsh ip was observed frequently in the meta- 
dolerites of northern Snowdonia.
Numerous experimental studies and f ie ld  observations have indicated 
that there is  correlation between epidote Ps and metamorphic parameters 
such as temperatures, fC^ and flu id  composition (Miyashiro and Se k i,
1958; Sigvaldason, 1962; Holdaway, 1972; Liou, 1973; Bird and Helgeson, 
1981; Liou et a l ., 1983) with lower temperature c rysta llisa tion  of Fe- 
rich epidote and higher temperature c ry sta llisa tion  of Fe-poor epidote. 
Host rock chemistry also appears to be an important influence on epidote
FIGURE 4.1 Chemical zoning in  the epidotes from the Conwy 
Valley.
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chemistry with Fe-rich hosts tending to develop more p istac it ic  
epidotes at constant pressure, temperature and fO^ (Holdaway, 1972;
Liou et a l ., 1983). Figures 4.12.1 and 4.12.2. show epidote PS content 
plotted against host rock FBgOgVF^Og* + Al X 100 (where Fe^O^* = 
total iron as Fe^O^) and Fe0*/Mg0 (where FeO* = total iron as FeO) 
respectively. C learly i t  is  possible to conclude from the observations 
that epidote composition is  s ign if ican tly  influenced by host rock 
chemistry with higher host rock Fe203*/Fe20*2 + anc* Fe0*/Mg0 ra tio s
leading to the development of more PS-rich epidote. Thus i t  appears that 
both metamorphic parameters and host rock composition may influence 
epidote chemistry.
Potentially of greater use than bulk epidote compositions are the 
specific  compositions of individual zoned epidotes as changes in 
chemistry could reflect variation in metamorphic conditions. Coombs et 
a l . (1976) argue that with increasing metamorphic grade f 02 w ill
progressively f a ll  resu lting in the c ry sta llisa t io n  of an increasingly 
aluminous epidote with early Fe-rich epidote overgrown by later Fe-poor 
epidote. Kawachi (1975) supported th is conclusion in Upper Wakatipu by 
the observation of Fe-rich epidote in the prehnite-pumpellyite facies 
areas which is  only overgrown by Fe-poor epidotes in the pumpellyite - 
actino lite  facies areas. Bishop (1972) a lso  describes a sim ilar sequence 
of events where Fe-rich epidote is  overgrown by a later, higher grade 
Fe-poor epidote.
It  is  possible, therefore, that the epidote zoning in the Conwy 
Valley could indicate continuous c ry sta llisa t io n  over a period of time 
during which temperatures increased and fC^ decreased. The presence of 
exceptionally Fe-rich epidotes (Ps 32. 39) samPle T13 is  consistent 
with the presence of Fe-rich prehnite, both of which could indicate 
loca lly  enhanced fOg.
FIGURE 4.12.1. Epidote Ps content vs bulk rock Fe202*/Fe20*2 + A l ^  
X 100 (total iron as F e ^ ) .
FIGURE 4.12.2. Epidote Ps content vs bulk rock FeO*/MgO (total 
iron as FeO).
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4,3.4. Chlorite
Chlorite is  the most common secondary mineral developed in the 
meta-dolerites of northern Snowdonia and several characteristic forms 
occur includ ing:-
i)  sub-rounded to angular masses of plates and flakes within the 
in te rs t it ia l alteration s ite s  and often associated with id iob lastic  
epidote and acicular amphibole and occasionally with pumpellyite or 
s t i l  pnomelane.
i i )  anhedral small patches within the groundmass,
i i i )  small patches or veins within a lb itised  feldspars.
iv) rounded or sub-rounded pseudomorphs possibly after o liv ine  which 
occur in several of the least differentiated samples, particu larly  from 
Cerrig Cochion and Tal-y-Fan.
v) partial replacement of clinopyroxene,sometimes in association with 
actinolite.
Optically the ch lorites d isp lay l i t t le  variation. Almost a ll are a 
ligh t or very lig h t  green colour. Intensity of colour in chlorites 
appears to be related to chemistry with stronger colours reflecting 
higher Fe contents (Deer et al.,1962). Birefringence colours are 
typ ica lly  low and are often anomalous in str ik in g  blues and browns.
Under crossed polars the ch lorites are often very dark. Some of the 
larger ch lo rite -rich  areas are composed of sheaves and tiny plates and, 
occasionally, different areas within a mass contain sheaves of chlorite 
with d ifferent, anomalous, brown and blue interference colours.
There have been 82 ch lorite  analyses obtained from the Conwy Valley 
meta-dolerites (16 of these are presented in Appendix 5). Chlorite 
recalculation is  on a basis of 14 oxygens in a structural formula of
FIGURE 4.13. Si vs total Fe diagram of Hey (1954). Showing 
the composition of the Conwy Valley ch lorites. 
Also shown are the compositional f ie ld s of 
chlorites from Upper Wakatipu (Kawachi, 1975), 
the Southern Uplands (O liver and Leggett, 1980) 
and the Welsh basin (Bevins and Rowbotham, 
1983). A lso  shown is Fe/Fe+Mg in host rock vs 
Fe/Fe+Mg in chlorite.
- i------1------1------1------r -
1.0
£& in chlorite 
Fe + Mg
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Yg Z4 0]0 (0H)g ; where Y = Si and AT and Z = A1, Fe3+, Fe2+, Mn, Mg and 
Ca. This recalculation assumes that the tetrahedral s ite s  are f i l le d  
with Si and A1 and any residual A1 enters the octahedral s ite s. Most 
analyses display l i t t le  variation in Si and A1 contents in contrast to 
a marked variation in Fe and Mg contents. Only trace concentrations of 
Mn and Ca were detected in many analyses.
The chlorite  resu lts are plotted on the Si vs total Fe diagram of 
Hey (1954) (Figure 4.13). Although the analyses show great variation, 
those from individual samples tend to d isp lay  l i t t le  variation, an 
observation also made in other areas of low-grade metamorphism 
(Kawachi, 1975; Coombs et a l.,  1976; Bevins and Rowbotham, 1983). The 
most common ch lorite  analyses are pycnochlorite (55%) with fewer 
rip ido lite s  (21%) and brunsvigites (21%). Also shown, for comparison, 
are the compositional f ie ld s  for ch lorites from Upper Wakatipu (Kawachi, 
1975), the Southern Uplands (O liver and Leggett, 1980) and the Welsh 
basin (Bevins and Rowbotham, 1983). The f i r s t  two areas display a more 
restricted compositional range than the Conwy Valley chlorites. Chlorites 
from throughout the Welsh basin, however, d isp lay a s ign if ican tly  
broader compositional range than those from the Conwy Valley. Chlorites 
from both Llyn and Pembrokeshire contain more Fe than most of the Conwy 
Valley ch lorites thus accounting for the extended compositional f ie ld .
The mean chlorite  data are plotted on an AFM diagram (Figure 4.14) which 
demonstrates the re la tive ly  constant Al and variable Fe and Mg contents 
of the ch lorites. Compositional f ie ld s  of chlorites from Upper Wakatipu 
(Kawachi, 1975) and Otago (Brown, 1967) are also shown and closely 
correspond to those of the Conwy Valley. Chlorites crysta llised  in the 
zeolite facies (Boles and Coombs, 1977) generally contain s ign if ican tly  
more Si (> 6 Si ions in the formula) than those crysta llised  at higher 
grades (< 6 Si ions in the formula), such as those from the Conwy Valley.
FIGURE 4.14. A1 - Fe - Mg for chlorites from the Conwy Valley.
Also shown are the compositional f ie ld s of chlorites 
from Otago (Brown, 1967) and Upper Wakatipu 
(Kawachi, 1975).
Kawachi (1975) examined variation in Fe and Mg in ch lorites and 
concluded that the major control on chlorite  chemistry is  the host rock 
composition where high FeO/FeO + MgO in the host rock leads to high 
zFe/(zFE + Mg) in ch lo rite s. Positive  correlation coefficients of .85, 
.89 and .84 were calculated for bulk rock FeO/MgO, FeO*/MgO (where FeO*
= total iron as FeO) and Fe£02/Mg0 plotted against ch lorite  zFe/zFe +
Mg) respectively. A lso  shown in Figure 4.13 is  a plot of chlorite 
Fe/Fe + Mg against bulk rock Fe/Fe + Mg and the influence of host 
chemistry on mineral composition is  evident. As a re su lt, any systematic 
trend in chlorite  Fe/Mg as grade changes is  lik e ly  to be masked by the 
effects of host rock compositional control.
4,3.5. Stilpnomelane
S t i1pnomelane has been identified  in 23 of the meta-dolerites from 
northern Snowdonia (Figure 4.15). It  occurs as needles or radiating 
sheaves, often d isp lay ing  a bow-like form, and is  frequently associated 
with chlorite + a lb ite  ± a ctino lite  ± epidote. Stilpnomelane typ ica lly  
occurs in the more fractionated meta-dolerites (Chapter 3) and as such 
is  found most frequently in the a lb ite  rich meta-dolerites.
Optically stilpnomelane is  very d ist in ctive  with a very intense 
brown, o r,occasiona lly , green colour and strong pleochroism from a = 
yellow, g = dark brown and y  = dark brown, or a = yellow, 3 = green and 
y = green. The differences in colour reflect variation  in the oxidation 
state of iron with green being indicative of ferrostilpnomelane and brown 
indicative of f e r r i s t i 1pnomelane (Deer et a l. ,  1962). Only one sample 
contains fe rro stil pnomelane (Sample NIC) the rest ferristilpnomelane.
The maximum interference colours are second order but are pa rt ia lly  or 
to ta lly  masked by the strong colour of the mineral.
There have been 12 stilpnomelane analyses obtained (Figure 4.16)
FIGURE 4.15. ( i)  (upper) Ferristilpnomelane with ch lo rite  (medium
green), actino lite  (ligh t green), epidote ( lig h t  yellow) 
and quartz, sample 179C (Moel Siabod). PPL. X14.
( i i )  (lower) Ferri stilpnomelane with quartz and minor 
chlorite, sample 179C (Moel Siabod). PPL. X35.
FIGURE 4.15. (i) (upper) Ferristilpnomelane with chlorite (medium
green), actino lite  (light green), epidote ( lig h t  yellow) 
and quartz, sample 179C (Moel Siabod). PPL. X14.
( i i )  (lower) Ferristilpnomelane with quartz and minor 
chlorite, sample 179C (Moel Siabod). PPL. X35.
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from two samples of meta-dole rite  (2 ana1y ses are presented in 
Appendix 5). The mineral recalculation has been made on the basis of 
8 S i cations i n the unit c e l1- A1so shown are the stilpnomelane 
compositional f ie ld s  from UpPer Wakatipu (Kawachi, 1975), the Welsh 
basin (Bevins and Rowbotham, 1983) and northern Greenland (Bevins and 
Rowbotham, in press). Also shown are 4 ferrostilpnomelane analyses from 
Tal-y-Fan (Rowbotham, unpub1ished data)- The A1 contents of st ilpno ­
mel anes from a ll the areas are re la tive ly  constant with the main 
compositional variations being in Fe and M9- This is  thought, by 
Kawachi (1975), to reflect differences in host rock chemistry with 
s t i 1pnomelanes f rom sediments containing more Fe than those from basic 
rocks.
4.3.6. Sphene
Sphene is  ubiquitous in the meta-dolerites of northern Snowdonia 
although i t  is  often present only 1n stnaH  amounts. Two characteristic 
forms of sphene occur•-
i )  very small rounded aggne9ates oF high re lie f  scattered throughout 
the c h lo r ite -r iCh gr0undmass and within the ch lorite  of the in te rs t it ia l 
a lteration  s ite s .  Occasional1^  sphene granules form nucle ii around 
which later a c icuia r am ph ibo^ Qrow.
i i )  granular replacement of the i 1menite fraction of Fe - Ti oxides 
(Section 3.2.).
Optically sphene is  readl1y identified by it s  very high re lie f  and 
extreme b ire fr ingence although most sphene aggregates are too small 
fo r detailed optical examination.
There have been 9 sphene analyses obtained (Figure 4.17) from 4 of 
the meta-dolerites of the Conwy Valley (4 analyses are presented in 
Appendix 5). Mineral recalcu lati° ns have been made on the basis of 4
FIGURE 4.16. A1 - Fe - Mg for stilpnomelanes from the Conwy 
Valley. Also shown are the compositional f ie ld s 
of stilpnomelanes from Upper Wakatipu (Kawachi, 
1975), the Welsh basin (Bevins and Rowbotham, 
1983) and Greenland (Bevins and Rowbotham, in 
press).
FIGURE 4.17. A1 - Ti - Fe for sphenes from the Conwy Valley.
Also shown are the compositional fie ld s of 
sphenes from the Southern Uplands (Oliver and 
Leggett, 1980) and Greenland (Bevins and 
Rowbotham, in press).
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Si cations per unit cell (Coombs et a l. ,  1976). In addition to the 
sphenes of the present study unpublished sphene analyses from the Conwy 
Valley by Rowbothara (11 analyses from Cerrig Cochion and Moel Siabod) 
and two published analyses from Haffodty Farm (Bevins and Rowbotham, 
1983) are included. It  can be seen that there is  marked variation in 
sphene composition with s ign if ican t substitution of Al and Fe3+ for Ti. 
For comparison the compositional f ie ld s  of sphenes from Loeche (Coombs 
et a l. ,  1976) the Southern Uplands (O liver and Leggett, 1980) and 
northern Greenland (Bevins and Rowbotham, in press) are also shown.
The sphenes from the Conwy Valley contain more Al and less Fe3+ than 
those from Scotland and less Fe + Al than those from Loeche.
In general, sphene compositions are rather variable and sphenes of 
sim ila r composition can be produced in different environments (Coombs 
et a l. ,  1976). However, Boles and Coombs (1977) consider that the 
substitution of Al and Fe for Ti i s  typical of low-grade metamorphic 
sphenes.
4.3.7. Amphibole
Amphibole has been recognised in 165 of the meta-dolerites from 
northern Snowdonia (Figures 4.18.1 and 4.18.2). Two characteristic 
forms of amphibole occur:-
i)  epitaxial overgrowths around re lic t  igneous clinopyroxenes, 
i i )  isolated acicular needles, or groups of needles, which are most 
abundant in the in te rs t it ia l alteration site s associated with, and 
occasionally overgrowing, chlorite  and id iob la st ic  epidote.
Ep itaxial amphibole around clinopyroxene occurs throughout northern 
Snowdonia. Acicular amphibole alsooccurs throughout northern Snowdonia 
but is  most pervasively developed in central northern Snowdonia and the 
central Conwy Valley. Hashimoto (1972) describes both forms of amphibole
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and argues that only the ac icu lar amphibole re fle cts the metamorphic 
conditions, the epitaxia l amphibole being influenced more by k ine tics 
than pressure and temperature. As a re su lt of th is  possib le  problem, 
only the c le a r ly  metamorphic needles of a c t in o lite  were included in 
the petrographic descriptions of secondary mineral assemblages (Chapter 
3).
O p tica lly  the amphibole is  d ist in c t iv e  with a cha racte rist ic  
acicu lar or ep itax ia l form. U sually the amphibole is  co lourless or 
very lig h t  green in colour and when coloured i t  has the follow ing 
pleochroic scheme: a = co lou rle ss, 6 = co lourless and y = lig h t  green. 
Occasionally darker green a c t in o lite s  occur associated with st ilp no - 
melane and p is t a c it ic  epidote in the more fractionated meta-dolerites. 
Colour in the trem o lite -actino lite  se rie s re flects iron content where 
the stronger the colour the higher the Fe content (Deer et a l. ,  1962). 
Maximum interference colours are a d ist in c t ive  middle second order 
blue/green. Maximum extinction angles (yA C ) are around 16°C.
Seventy e ight amphibole analyses have been obtained from 11 of the 
meta-dolerites of the Conwy Valley (Figure 4.19.1) including 24 analyses 
of the amphiboles which overgrow clinopyroxene and 54 analyses of the 
new acicu lar amphiboles (16 amphibole analyses are presented in 
Appendix 5). The amphibole analyses have been recalculated to a general 
structural formula of AX2 Yg Zg 022 (0H)2 ; where X = Ca, Na and K,
Y = Mg, Fe^+ , Fe^+ , A l^  and T i, and Z = S i,  and A l ^  (Borg, 1967) on the 
anhydrous b a s is  of 23 oxygens. This assumes that the Z s ite s  are f i l le d  
with Si and Al and the remaining Al i s  allocated to octahedral s ite s  
(M2). The analyses reveal s ig n if ic a n t  variation  in the Fe, Mg and Al 
cations with re la t iv e ly  good negative correlation (r = -.85) between Fe 
and Mg ind ica ting  substitu tion  between these ions. Very low values of 
Ti (not detected),Na (detected in 3 analyses) and K (detected in 2
FIGURE 4.18.1. Epitaxial overgrowth of actino lite  on a re lic t
clinopyroxene crystal, sample 168J (Moel Siabod). 
XP. X14.
FIGURE 4.18.2. Acicular actinolite occurring with chlorite in an 
in te rstitia l alteration site , sample 168J (Moel 
Siabod). XP. X85.
V
FIGURE 4.18.1. Epitaxial overgrowth of actinolite on a re lic t
clinopyroxene crystal, sample 168J (Moel Siabod). 
XP. X14.
FIGURE 4.18.2. Acicular actinolite occurring with chlorite in an 
in te rst it ia l alteration site, sample 168J (Moel 
Siabod). XP. X85.
FIGURE
FIGURE
• 18.1. Epitaxial overgrowth of actinolite  on a re lic t
clinopyroxene crysta l, sample 168J (Moel Siabod). 
XP. X14.
- 18-2- Acicular actinolite occurring with chlorite in an 
in te rst it ia l alteration site , sample 168J (Moel 
Siabod). XP. X85.
analyses) are typ ica l of a c tin o llte s  proceed daring the lowest grades 
of metamorphism (Coombs et a l. ,  1976).
Iron and magnesium are highly variable in a ctino lite s from 
different samples but from the same sample the Fe/Mg ratio  is  re la tive ly  
constant (Figure 4.19.1). The range in inter- and intra-sample Al is  
from approximately 0.1 - 0.82 cations in the formula. No significant 
systematic d ifference in chemical composition ex ists  between acicular 
actino lite  and the amphibole overgrowing re lic t  clinopyroxene. The 
variation in Fe and Mg is  thought to re flect the influence of host rock 
chemistry with good correlation (r  = .88) between host rock FeO*/FeO* + 
MgO and actino lite  Fe/Fe + Mg (Figure 4.19.2). Recently Rowbotham 
(1984, pers. comm.) has found that a correlation e x ists  between 
actino lite  orientation  and Al content. I t  is  possible that much of the 
variation in Al observed between the individual actino lite  c ry sta ls 
present within a sample could be a reflection of th is  relationship.
These observations are in close agreement with those of Kawachi 
(1975), Coombs et a l . ,  (1976) and Bevins and Rowbotham (1983) who describe 
strong host rock chemical control on the Fe/Mg ratios of a ctino lite s and 
small, but highly variab le , amounts of Al in actino lite s from areas of 
low-grade metamorphism. Kawachi (1975) attempted to relate Al content 
to metamorphic grade with the lowest grade actino lite s (pumpellyite - 
actino l i te facies) being less aluminous than those developed at higher 
grade (b iotite  zone o f  the greenschist facies and the epidote-glaucophane 
sub-facies). This re la tion sh ip  has also been observed in other areas of 
greenschist to amphibolite facies metamorphism with the development of 
re la tive ly  more aluminous a c t in o lit ic  amphiboles in higher grade samples 
(Graham, 1974). However, due to the h igh ly  variable Al contents of 
actino lite  in the Conwy Valley it  i s  fe lt  that factors other than meta­
morphic grade (for example, amphibole orientation) may also be an
FIGURE 4,19.1
f igure 4 . 19 .2 .
A1 - Fe - Mg for a c t in o lit ic  amphiboles from the 
Conwy Valley.
Host rock Fe/Fe+Mg vs actino lite  Fe/Fe+Mg in the 
Conwy Valley.
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important influence on the A1 content of a c t in o lite s. The broad chemical 
s im ila rity  of epitaxia l and acicular amphiboles indicate that both may 
be metamorphic in orig in.
4.3,8. White mica
White mica has been recognised in 129 of the meta-dolerites and 
occurs throughout northern Snowdonia. It  occurs as small flakes within 
a lb itised  plagioclase or, rarely, within the groundmass. The amount 
varies considerably with several samples being pa rticu la rly  rich in 
white mica (fo r example, samples 66K, 104E and 104F).
The white mica is  colourless and of low re lie f.  In a few samples 
a very fa int green or yellow tinge is  evident. The interference colours 
are occasionally re la tive ly  low for white mica but the flakes are often 
very thin.
Thirty analyses of white mica have been obtained from 6 of the meta-
dolerites of the Conwy Valley (16 white mica analyses are presented in
Appendix 5). Although white mica is  abundant i t  has proved d if f ic u lt  to
obtain a large number of re liab le  analyses due to the very small grain
size. The general formula for dioctahedral micas is  X„ Y„ ZQ 0orv
(0H,F)^; where X is  mainly Na, K or Ca, Y is  mainly A1, Mg or Fe and Z
is  mainly Si or A1 (Deer et a l. ,  1962). Mineral recalculations have
been made on the anhydrous basis of 22 oxygens and assume that the Z s ite s
are f il le d  (8 cations) with Si and A l . Residual Al together with Fe and
Mg are allocated to the octahedral s ite s. It  has been assumed that a ll
2+the iron is  present as Fe . Coombs et a l.,  (1976) show that a large 
amount of Fe^+ often occurs in white micas. This could possibly account 
for the consistently  high cation totals in the octahedral s ite s. Rarely 
trace amounts o f Na and Ca were detected in the white micas which 
probably re flects admixed plagioclase feldspar.
FIGURE 4.20. AI - Fe - Mg for the phengitic white micas from
the Conwy Valley. Also shown is  the compositional 
f ie ld  of white mica from New Zealand (Kawachi, 1975).
FIGURE 4.21. A1 - K - Fe + Mg for the phengitic white micas 
from the Conwy Valley. A lso  shown are the 
compositional f ie ld s of celadonites from the 
Hokonui H il ls ,  New Zealand (Boles and Coombs 
1977) and Phengites from Upper Wakatipu 
(Kawachi, 1975).
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In many of the analyses, Si contents are high, often exceeding 6.5 
Si cations per 02Q (OH)^. Also the tetrahedral Si : A1 ratio , ranging 
from 3.50 -  5.49, is  s ig n if ica n tly  higher than the 3 : 1 ratio  of true 
muscovites (Deer et a l ., 1962). S ign ifican t amounts of Fe and Mg are 
also present in the octahedral s ite s (up to 1.15 cations per 020 (0H)4 ). 
These observations, taken together, indicate that much of the white mica 
from the Conwy Valley is  phengitic, in common with white micas from other 
low-grade te rra in s. Using the formula Fe + Mg/total octahedral cations 
x 100 to calculate the celadonite content i t  is  possible to quantify the 
phengitic substitution  of celadonite (K (Mg, Fe ) (A l, Fe ) Si^ 0-|q 
(0H)2) into muscovite (Kawachi, 1975; Coombs et a l. ,  1976).
The Conwy Valley phengitic micas are plotted on AFM and Al - K - 
Fe + Mg diagrams (Figures 4.20 and 4.21) together with f ie ld s  for phen- 
gites from Upper Wakatipu and Otago (Kawachi, 1975) and zeolite facies 
celadonites from the Hokonui h i l l s  (Boles and Coombs, 1977). The 
compositional f ie ld  of phengitic micas from throughout the Welsh basin 
(Bevins and Rowbotham, 1983) is  very sim ilar to that displayed by the 
Conwy Valley micas. C learly the compositional f ie ld s  of phengitic micas 
from the Conwy Valley and Upper Wakatipu are a lso very sim ilar. The 
celadonite content of the Conwy Valley micas is  rather variable (even 
within the same sample) and ranges from 6.3 - 39.6%, with a mean of 
16.5%. For comparison the Upper Wakatipu white mica celadonite 
content is  s l ig h t ly  higher, ranging from 12 - 44% and with a mean of 
24%.
4.3.9. Plaqioclase feldspar
Primary igneous plagioclase has suffered large scale a lb it isa t ion  
during the low-grade metamorphism. Re lict ca lc ic  plagioclase is  rarely 
preserved (Section 4.2.2). A lb itised  feldspars are often cloudy and
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provide one of the major a lteration s ite s (Chapter 3).
There have been 45 plagioclase analyses obtained from 14 of the
meta-dolerites from the Conwy Valley (12 plagioclase analyses are
presented in Appendix 5). Mineral recalculations have been made on the
basis of 8 oxygens in the formula unit. The analyses show marked
variation in the re lative proportions of the major cations A1, S i,  Na
and Ca (Figure 4.22.1) indicating that the process of a lb it isa t io n  has
not been completed, an observation consistent with those made elsewhere
in the Welsh basin (Bevins and Rowbotham, 1983). In most samples the
anorthite (Ca A l2 S i2 0g ) component of the plagioclase fe ldspar is  less
than 10% indicating that most plagioclase is  a lb ite  (Na A1 S i 3 0g ).
However, in several samples the average An content is  much higher
(An^g 59^ indicating a p lagioclase of labradoritic composition. These
latte rp lag ioclases are thought to be igneous re lic ts .  In a few samples
there is  a large range in An content between individual c ry sta ls
(Figure 4.22.2), for example, in sample 148E a range between An22 and
An ex ists. This further indicates that a lb it isa tion  in the Conwy 
5
Valley is  rather variable, not only on the large scale (between samples) 
but on the smaller scale (between the individual plagioclase crysta ls 
within a sample).
4.3.10. A lka li feldspar
A lka li feldspar has been identified  in only one sample of meta- 
dolerite  (sample 168E), and th is  has been confirmed by microprobe 
analysis. The a lka li feldspar is  probably adularia and occurs as 
anhedral patches associated with epidote, chlorite and a c tin o lite  in 
the in te rs t it ia l alteration s ite s  or as an alteration product of 
o rig ina l ca lcic plagioclase. The original calcic nature o f  the feldspars 
is  indicated by the frequent development of secondary Ca -  A1 s ilic a te s
FIGURE 4.22.1. A histogram showing the composition of
4.22.2
plagioclase from the Conwy Valley.
Variation in a lb it isa t io n  within samples from the 
Conwy Valley.
FIGURE 4.22.1. A histogram showing the composition of 
plagioclase from the Conwy Valley.
4 -22-2 - Variation in a lb it isa t io n  within samples from the 
Conwy Valley.
F
re
q
u
e
n
c
y
Sample x  *  
Number z  z  z
LU ID  Li-
CO < U _ _ < L U  CO CO CO 
CO CO CO CO r r  CD CD
h -  CD CO CO CO O)
FIGURE 4.23. Ch lorite , quartz and (minor) ferristilpnom elane 
in f i l l in g  ve sic le s, sample 179C (Moel Siabod). 
XP. X14.
\

87
within the feldspars. In sample 168E a lka li feldspar and the more 
typical a lb it ised  p lagioclase  coexist.
Three analyses o f the a lka li feldspar were obtained and are 
presented in Appendix 5. The orthoclase content of these feldspars is  
very high (or = 95 - 99%). They a ll contain small amounts of Ca and Fe, 
however, in only one ana lysis was any Na detected. Bevins and Rowbotham 
(1983) also record the presence of rare a lk a li feldspar in the Welsh meta- 
dolerites recognising both microcline and adularia.
4.3.11. Quartz
Quartz is  present in almost a ll of the meta-dolerites from northern 
Snowdonia but usually  in small amounts. Occasionally i t  is  present in 
larger amounts, most notably in the contact zones of many of the larger 
s i l l s  where i t  can occur as small veins. Most characte ristica lly  quartz 
occurs as small rounded inclusions scattered throughout the groundmass. 
Occasionally i t  is  found in f i l l in g  vesic les in association with chlorite  
(Figure 4.23), for example, on Moel Siabod (sample 179C). Larger quartz 
grains often d isp lay undulose extinction.
No analyses of quartz have been obtained.
4.3.12. Calcite
Calcite is  frequently developed in the meta-dolerites of northern 
Snowdonia but usually  in only small amounts. Locally calcite  is  more 
abundant pa rticu la rly  in the fine grained margins of many of the larger 
s i l l s  where much of the groundmass may be ca lc it ic .  Calcite occurs as 
either isolated anhedral patches within the groundmass or as small patches 
or veins within a lb it ise d  plagioclase.
No analyses of the carbonate phase have been obtained.
4.4. Chemical equilibrium
In Chapter 3 i t  was shown that there is  s ign ifican t evidence for 
some textural d isequilibrium  within the meta-dolerites of northern 
Snowdonia. With the a v a ila b ilit y  of mineral chemistry data i t  i s  
possible to investigate equilibrium more rigorously. Features that 
might indicate an approach towards chemical equilibrium include:- i)  
a lack of chemical zoning, i i )  s im ila r compositions for a ll c rysta ls 
of a spec ific  secondary phase within a sample, and, i i i )  sympathetic 
chemical variation between the constituent secondary minerals in a 
sample.
In Section 4.3.3. the epidotes were examined in some detail and 
microprobe analysis confirmed the optical observation that many of them 
are continuously zoned from Fe-rich cores to Fe-poor rims. The presence 
of such zoning might indicate possible chemical d ise q u il ib r iu m ^  at 
least a situation where epidote composition progressively changes as 
metamorphic conditions alter,w ith the earlie r formed epidote protected 
from reaction by a layer of new epidote in equilibrium at the new 
pressure, temperature,f02 and flu id  conditions. I f  th is is  the case 
then only the composition of the outer shell need be in chemical 
equilibrium with the f in a lly  formed metamorphic assemblage, with the 
more Fe-rich cores being isolated from the metamorphic system (Zen,1974). 
Hence the presence of zoned phases need not necessarily re flect wide­
spread chemical disequilibrium .
Another feature indicative of chemical disequilibrium  is  the marked 
chemical variation observed between different crysta ls of the same 
secondary phase. Extreme examples of th is  have already been mentioned, 
most obviously that of markedly d ifferent epidote compositions in the 
in te rs t it ia l and plagioclase alteration site s. Detailed microprobe
analysis reveal that considerable chemical inhomogeneity ex ists between 
many c rysta ls  of specific  secondary phases within the area of a thin 
section, examples include:- i)  variable Al-Fe-Mg compositions of white 
micas, i i )  marked variation in the A1 contents of actino lite s irrespective 
of whether they are acicular or form ep itaxia l overgrowths around 
pyroxene. In Section 4.3.7. it  was shown that much of th is variation 
could re flect differences in orientation of the amphibole crysta ls 
(Rowbotham, 1984, pers. comm), i i i )  marked variation in the PS content 
of epidotes even where optical zoning i s  not evident, and iv ) the 
extremely variable An content of plagioclase feldspars reflecting the 
incomplete nature of the process of a lb it isa t io n . A ll these chemical 
inhomogeneities are problematic i f  the do lerites are assumed to have 
been in chemical equilibrium with the f lu id  throughout the period of 
metamorphism.
Kawachi (1975) and Coombs et a l ., (1976) describe sim ilar chemical 
variation to that outlined above. In addition they have also observed 
systematic variation in Fe : Mg ratios between coexisting ch lo rite s, 
actino lite s and pumpellyites which they interpret as an approach towards 
chemical equilibrium  for Fe and Mg in these secondary phases. The mean 
data for ch lo rite s and actino lites from the Conwy Valley is  plotted on 
an AFM diagram (Figure 4.24.1) and mineral pairs from the same sample 
are indicated by tie  lines. In a system in chemical equilibrium the 
partition ing of A l , Mg and Fe between phases should be systematic and 
tie  lines should not cross. In general t ie  lines are sub-parallel 
(Figure 4.24.1) indicating a degree of chemical equilibrium, however, 
two sets of t ie  lines cross which indicates possible chemical d ise qu il­
ibrium in these samples. The p o s s ib il ity  that th is d isequilibrium  is 
related to e ither scale or to the nature of the amphibole can be explored 
by the examination of pairs of analyses from i)  acicular a ctino lite  and 
ch lorite , i i )  epitaxial actinolite  and chlorite,and, i i i )  actino lite  and
FIGURE 4.24.1. A1 - Fe - Mg for actino lite  and ch lorite  
occurring together in the same sample.
FIGURE
FIGURE
.24.2. A1 - Fe - Mg for acicular a c tin o lite  and ch lorite  
occurring together in the same sample.
•24,3. A1 - Fe - Mg for epitaxial a c tin o lite  and ch lorite  
occurring together in the same sample.
FIGURE 4.24.4. A1 - Fe - Mg for actino lite  and ch lorite  
occurring in actual physical contact.
Mg
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chlorite  in physical contact (Figures 4.24.2., 4.24.3 and 4.24.4). In 
a ll these cases most of the tie  lin e s are again sub-para lle l, however, 
a minority of the t ie  lines cross which probably indicates some chemical 
d isequilibrium  even on a re la t ive ly  small scale. Some of the variation 
in the angle of the tie  lines may re flect the influence of amphibole 
orientation on composition (above).
I f  pumpellyite, ch lorite  and actino lite  which occur together in the 
same sample are considered then the same sort of re lationsh ip ex ists 
with there being sympathetic variation in phase chemistry in a majority 
of samples (Figure 4.25.1). In Figure 4.25.2 mean epidote, pumpellyite 
and prehnite compositions are plotted on a 2 Fe^+ - 2A1 - Ca diagram and 
minerals from the same sample are joined by t ie  lines. Again there is  
broadly sympathetic variation in mineral chemistry but with a m inority of 
crossing tie  lin e s. This i s  most c learly  seen in sample T13 (from Tal-y- 
Fan) where Fe-rich epidote occurs with Fe-rich prehnite but the associated 
pumpellyite is  re la tive ly  Fe-poor. In Figure 4.25.3 the effects of 
epidote zoning are shown on a 2Fe^ - 2A1 - Ca diagram. The phase chemistry 
data indicates a systematic re lationsh ip  between the compositions of 
coexisting secondary minerals in  a majority of examples. However, some 
chemical disequilibrium  is  indicated with some crossing of compositional 
tie  lin e s on a ll the relevant diagrams (Figures 4.24.1-4 and 4.25.1-3).
In a ll the above examples, where compositional tie  lines are seen to 
cross, there does not appear to be any relationsh ip between crossing tie  
lines and the re la tive  location of the samples involved.
The d istribu tion  coeffic ients (K ) for Mg/Fe in ch lorites and 
actino lite s from the Conwy Valley have been calculated. In the literature 
a systematic re lationsh ip  has been observed between Mg/Fe in actino lite  
and Mg/Fe in ch lo rite  with a KQ of 1.72 (Kawachi, 1975, Coombs et a l.,  
1976). The Kq values for Conwy Valley samples have been determined 
(Figure 4.26.1) and show quite a large range of values (1.72 - 1.10).
In order to eleminate the p o s s ib il ity  of disequilibrium  on the scale of
FIGURE 4. 25.1. Al-Fe-Mg for pumpellyites, ch lorites and actino lite s 
occurring together in  the same thin section.
FIGURE 4. 25.2. A 2Al-2Fe^+-Ca diagram showing the mean compositions 
of epidotes, pumpellyites and prehnites occurring 
together in the same thin section.
FIGURE 4. 25.3. A 2Al-2Fe^+-Ca diagram showing the effects of epidote 
zoning on compositional tie lines.
FIGURE 4.26.1. Fe/Fe+Mg in ch lorites and actino lites 
occurring together in the same sample.
FIGURE 4.26.2. Fe/Fe+Mg in ch lorites and actino lites 
occurring in actual physical contact.
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a thin section the Mg/Fe for ch lorites and actino lites in physical 
contact have also been plotted (Figure 4.26.2). The same pattern is  
again observed with the ranging from > 1.72 - 1.20.
From the above discussion, and the petrographic evidence of Chapter 
3, i t  would appear that although there is  much evidence ind icating an 
approach towards equilibrium, in many of the samples of northern 
Snowdonia there is  a lso s ig n if ic a n t  evidence suggesting an element of 
petrographic and chemical disequilibrium . Petrographic and chemical 
evidence indicative of equilibrium  includes adherence to the phase rule 
by the majority of the samples, the general parallelism  of compositional 
tie  lines and sympathetic variation  in the Fe^+/Fe^+ + A1 ra tio s of 
coexisting phases. Evidence indicating some disequilibrium  includes the 
presence of re lic t  igneous phases, vio lation  of the phase ru le  by a 
number of samples, compositional inhomogeneity between d iffe rent 
c rysta ls of specific  secondary phases and the crossing of compositional 
tie  line s in a minority of samples.
4.5. Discussion
The petrographic observations and phase chemistry analyses should 
allow some quantification of metamorphic conditions but considering the 
problems of disequilibrium , outlined above, care should be exercised in 
the interpretation of the secondary assemblages.
The widespread development of hydrous Ca - A1 s i l ic a te s  indicates 
that the metamorphic f lu id  was H20 rich containing l i t t le  C02 (Coombs 
et a l. ,  1970; Zen, 1974; G lassley, 1974; Brown, 1977). High yC02 quickly 
leads to the suppression of minerals such as pumpellyite with minerals 
like  ca lc ite , ch lorite  and epidote crysta llised  instead. Coombs et al. 
(1976) examined low-grade mineral reactions in a mixed C02 - H20 flu id  
and calculate that XC02 in the f lu id  must have been less than about 
0.02% for pumpellyite bearing assemblages from Switzerland.
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The presence of zoned epidotes from Fe-rich cores to Fe-poor rims 
and the Fe3+/Fe3+ + A1 contents of coexisting epidotes, pumpellyites and 
prehnites y ie ld  valuable information concerning the metamorphic environ­
ment. Nakajima et a l. (1977) and Liou et a l. (1983) argue that as meta­
morphic grade increases Fe3+/Fe3+ + Al in prehnite, pumpellyite and 
epidote w ill decrease (for rocks of s im ila r composition and at constant 
fC^). The analysed prehnites from the Conwy Valley generally display 
very low Fe contents suggesting that these are high temperature prehnites 
c ry sta llise d  near the upper temperature lim it of the ir s ta b ility  fie ld .
The epidote zoning may indicate either an increase in temperature, with 
in it ia l  lower temperature Fe-rich epidote giving way progressively to 
higher temperature Fe-poor epidote, or a change in f lu id  composition 
during epidote c ry sta llisa t io n  (Bird and Helgeson, 1981). The trend 
from Fe-rich  to more aluminous pumpellyites southwards within the 
Conwy Valley might indicate a gradual increase in temperature south­
wards. These observations co lle c t ive ly  indicate that temperature was 
rather higher in the south and rather lower in the north and that 
temperatures increased throughout recrysta llisa tion .
Although pumpellyite and actino lite  frequently occur in the same 
sample there is  some evidence that they may not be in textural equilibrium 
as they are never seen to physically  touch and usually  occupy different 
a lte ra tion  s ite s (actino lite  in the in te rs t it ia l a lteration s ite s, 
pumpellyite in the plagioclase a lteration s ite s). Thus i t  might be 
wrong to ascribe these rocks to the pum pellyite-actinolite facies even 
though they contain the diagnostic pumpellyite + a ctino lite  assemblage.
The presence of coexisting prehnite and pumpellyite, occasionally in 
physical contact, in the northern Conwy Valley is  diagnostic of the 
prehnite-pumpellyite facies. The presence of coexisting c linozo is ite  
and a c t in o lite  in the central Conwy Valley is  diagnostic of the lower 
greenschist facies. Hence there is  re liab le  evidence for prehnite-
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pumpellyite and lowest greenschist facies metamorphism in the Conwy 
Valley with the occasionally developed pumpellyite-actinolite assemblage 
possib ly  re flecting some disequilibrium  on the scale of the thin section.
Figure 4.27 is  from Liou (1971b) and shows the approximate pressure/ 
temperature f ie ld s  of low-grade metamorphic facies. The presence of 
prehnite-pumpellyite and lower greenschist facies assemblages, in  the 
absence of a recognisable pum pellyite-actinolite facies, represents 
re la tive ly  low pressures of metamorphism as the s ta b ility  fie ld  of the 
pum pellyite-actinolite facies is  pressure dependent and decreases in 
extent rap id ly  as pressure falls(Hashimoto, 1972; Nakajima et a l. ,
1977). The absence of any characteristic  high pressure phases such 
as lawsonite, glaucophane and aragonite a lso  indicates intermediate or 
low pressure metamorphism with total pressures < 4Kb.
Liou (1971b), Schiffman and Liou (1980) and Liou et al. (1983) 
examine phase equ ilib ria  amongst many of the diagnostic secondary Ca-Al 
s ilic a te s .  Despite the evidence for some disequilibrium  in the meta- 
dolerites of the Conwy Valley, careful application o f these equilibrium 
studies can provide valuable information. Schiffman and Liou (1980) 
experimentally show that the boundary of the prehnite-pumpellyite facies 
with the greenschist facies occurs between 375°C at 5 Kb and 275 C at 
1 Kb, based on the disappearance of Mg-Al pumpellyite. They a lso  note 
that the presence of Fe within the pumpellyite w ill reduce its  upper 
temperature s ta b ility .  It  would appear, therefore, that metamorphic 
temperatures in the pumpellyite bearing areas of the northern Conwy 
Valley were s ig n if ic a n t ly  less than 375°C. Relative temperatures in 
the central and southern Conwy Valley were probably s lig h t ly  higher 
than in the north.
In central northern Snowdonia pumpellyite is  v ir tu a lly  absent, 
possib ly indicating re la tive ly  high temperatures. However, the 
associated epidotes are invariab ly Fe-rich and suggest a lower, rather
The approximate pressure/temperature f ie ld s  of 
low-grade metamorphic facies, from Liou (1971b).
Temperature(oC)
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than a higher, temperature of metamorphism. The one example of pumpellyite 
from central northern Snowdonia i s  a dark green, presumably Fe-rich 
variety disp laying no sign of breakdown, and occurs in a typical meta- 
dolerite  associated with p ista c it ic  epidote, ch lorite , a lb ite  and actin- 
o lite ,  again possib ly suggesting lower, not higher,temperatures. It  
is  possible that the composition of the flu id  was important in determining 
the secondary mineral assemblage in central northern Snowdonia with the 
f lu id  being s lig h t ly  more C02 r ich  thus preferentia lly  suppressing 
pumpellyite and favouring the development of ch lo rite , epidote and 
ca lc ite  rich assemblages through a reaction such as:
pumpellyite + quartz + C02 -*• a c t in o lite  + epidote + ch lorite  + 
ca lc ite  + H20 (Coombs et a l ., 1976).
The abundant needles of a c t in o lite  in northern Snowdonia are, on 
textural grounds, later than the ch lorite  and epidote with which they 
are frequently associated. The appearance of actino lite  suggests 
minimum pressures of about 2.5Kb at temperatures of about 300 C (Zen,
1974). The late development of ac icu lar a ctino lite  might re flect some­
what higher pressures during late burial or deformation or the effects 
of re la tive ly  slow nucleation compared to the other secondary phases.
Evidence from the meta-doleriates indicates i)  the presence of a 
H20 rich f lu id  during re c ry sta llisa t io n , i i )  progressive increase in 
temperature throughout re c ry sta llisa t io n , i i i )  s l ig h t ly  higher temper­
atures in the central and southern Conwy Valley (lower greenschist 
facies) re lative to the northern Conwy Valley (prehnite-pumpellyite 
fac ie s). Evidence concerning metamorphic temperatures in central 
northern Snowdonia is  in some respects contradictory, however, the 
balance of evidence indicates re la t ive ly  low temperatures, and iv) 
re la tive ly  low pressures during metamorphism. These findings are in 
broad agreement with those of Bevins and Rowbotham (1983) who estimate 
maximum pressures and temperatures of 3.4Kb and 325°C for the central
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areas of the Welsh basin based on the maximum stratigraphic thickness 
and an assumed geothermal gradient of 25°C per Km. Further discussion 
of the parameters of metamorphism in northern Snowdonia i s  postponed 
until Chapter 8 where the integrated data from a ll available sources is  
considered.
4.6. Concluding remarks
Microprobe analysis of primary mineral phase chemistry supports 
the conclusion that the meta-dolerites of northern Snowdonia are 
fractionated th o le iit ic  s i l l s  which have subsequently suffered a low- 
grade metamorphism.
Detailed microprobe analysis of secondary mineral phase chemistry, 
in conjunction with detailed petrographic observations, allows some 
quantification of metamorphic conditions. In addition, a study of the 
phase chemistry has enabled the investigation  of chemical equilibrium 
within the meta-dolerites. A degree of chemical equilibrium appears to 
have been attained in the Conwy Valley with sympathetic variation in 
the compositions of most secondary phases. However, evidence for 
s ig n if ica n t disequilibrium  also e x ists  which collaborates the evidence 
of petrographic disequilibrium. The c r it ic a l implication of these 
observations is  that although phases occur in close proximity they need 
not, necessarily, represent stable equilibrium  secondary mineral 
assemblages as d ifferent phases may have c ry sta llised  at different 
times and may indeed have formed under d ifferent pressure, temperature 
and f lu id  conditions.
From the available data the metamorphic f lu id  appears to have been 
largely H20 with l i t t le  or no C02 present, particu la rly  in the Conwy 
Valley. Temperatures s ig n if ica n tly  less than 375°C are envisaged in 
the Conwy Valley with re la tive ly  higher temperatures in the central 
and southern Conwy Valley (where pumpellyite is  rare) compared to the 
northern Conwy Valley (where prehnite and pumpellyite are common).
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Temperatures in central northern Snowdonia are rather more d if f ic u lt  to 
determine but, from the widespread development of unzoned, Fe-rich 
epidotes, are thought to have been sim ila r to those of the northern 
Conwy Valley. S lig h t  increase in temperature throughout re c ry sta llisa tion  
is  reflected through the zoned epidotes. The presence of acicular 
a c tin o lite  overgrowing ch lorite  and epidote might reflect kinetic factors 
or re la tive ly  slow nucleation, a lternative ly  i t  may re flect the influence 
of increased pressures during late burial or Caledonian deformation.
From the phase chemistry i t  would appear that actino lite  is  not always 
in equilibrium with the pumpellyite with which it  occasionally occurs. 
Maximum pressures during metamorphism are thought to have been 
re la t ive ly  low 4Kb) resu lting in the development of prehnite- 
pumpellyite and lower greenschist facies assemblages in the absence of 
widespread stable pum pellyite-actinolite facies assemblages.
